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ABSTRACT
THE EFFECT OF ORTHODONTIC TREATMENT WITH EXTRACTION ON
THE UPPER AIRWAY DIMENSIONS AND THREE-DIMENSIONAL
MORPHOLOGY: A RETROSPECTIVE STUDY USING CONE-BEAM
COMPUTED TOMOGRAPHY TECHNIQUE

Ehsan Mostaghni
University of Nebraska, 2021
Advisors: Sundaralingam Premaraj, B.D.S., M.S., Ph.D., FRCD (C)
Peter Giannini, D.D.S, M.S
Purpose of this study was to evaluate the effect of orthodontic treatment with and without
extractions of teeth on the upper airway dimension and morphology. Records of 40 consecutively
treated patients who received orthodontic treatment with or without dental extractions were
evaluated. Pre-and post-treatment volumes, minimum cross-sectional areas and linear dimensions
of oropharyngeal airways were quantified using InVivo Dental 6.0 (Anatomage, San Jose, CA).
Additionally, pre- and post CBCT images of the upper airways were superimposed on each other
using voxel-based registration and fixed coordinate system using 3D Slicer 4.1.1 (www.Slicer.org)
and ITK-SNAP (http://www.itksnap.org). While the volumes of the upper airway and minimum
cross-sectional areas were reduced in the extraction group compared to the non-extraction group,
the difference between different treatment modalities was not statistically significant. (Pvalue>0.05). Morphologically, 80% of the patients who received orthodontic treatment with tooth
extraction and maximum anchorage protocol showed either posterior airway translocation or
reduction of more than 1 mm in the anterior aspect of oropharynx. Interestingly, in the extraction
group, the oropharynx was either moved anteriorly or enlarged in the anterior segment in 40% of
the patients. Present findings show that there is not sufficient evidence to conclude that the
orthodontic treatment with dental extractions would negatively impact the upper airway dimensions
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or minimum cross-sectional areas. There is no uniform trend in the upper airway morphological
changes that can be attributed to any of the treatment variables.

i

ABBREVIATIONS
AHI

Apnea-Hypopnea Index

CBCT

Cone Beam Computed Tomography

CT

Computed Tomography

IRB

Institutional Review Board

MCA

Minimum cross-sectional area

MRI

Magnetic Resonance Imaging

OP

Oropharynx

OSA

Obstructive sleep apnea

Pcrit

critical tissue pressure

PSG

Polysomnography

RDI

Respiratory Disturbance Index

UA

Upper airway
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CHAPTER 1: INTRODUCTION
The upper airway is a complex structure that is affected by craniofacial morphology
(Orabi et al. 2021). Nasopharynx, oropharynx, and laryngopharynx are components of the upper
airway. The oropharynx is the narrowest part of the upper airway and its dimension could be
influenced by orthodontic treatment (Schwab 1998). Orthodontic treatment might modify the
morphology of both soft and hard tissues in the pharyngeal area. Various treatment modalities are
available to correct the malocclusion caused by dental and skeletal problems. Extraction of teeth
as a part of orthodontic treatment is indicated in malocclusions such as Class I crowding,
bimaxillary protrusion, and Class II or Class III (Shi et al. 2021; Valiathan et al. 2010). Tooth size
arch length discrepancy and incisor proclination are the two common reasons for performing
extraction treatment (Zheng et al. 2017). When the discrepancy between tooth mass and arch
length surpasses 5-7 mm, orthodontists consider extraction (Proffit 2019). Bimaxillary protrusion
is a circumstance in which maxillary and mandibular incisors show proclination and protrusion.
Cephalometrically, these patients present with increased maxillary and mandibular incisors
angulation to reference planes, decreased interincisal angles, and protruded upper and lower lips
(Wang et al. 2012). Extraction of permanent teeth for orthodontic reasons has been a matter of
debate for many years. Conflicting views about the effect of the removal of permanent teeth on
esthetics, stability, and TMJ health are present in the literature (Stefanovic 2013; Valiathan 2010).
Additionally, extraction alters incisor angulation, soft tissue profile, and vertical facial
height (Valiathan 2010). The effect of tooth extraction on the upper airway dimension has been
investigated in the past using various methods like lateral cephalometric analysis, Computed
tomography technique, and cone beam competed tomography method. The findings of these
studies are not consistent and, to some extent, conflicting. Evidence shows that orthodontic
treatment with maxillary premolar extraction in bimaxillary dentoalveolar protrusion patients
reduces upper airway dimensions(Chen et al. 2018; Germec-Cakan et al. 2011; Wang et al. 2012).
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The mechanism by which orthodontic treatment with extraction would cause airway reduction is
not fully understood. Changes in the arch form, retropositioning of the tongue, and hyoid bone are
proposed as the primary mechanisms (Hu et al. 2015; Orabi et al. 2021).
On the contrary, there are studies that reported no changes or even an increase in upper airway
dimensions following orthodontic treatment with extraction (Al Maaitah et al. 2012; GermecCakan et al. 2011; Stefanovic et al. 2013; Valiathan et al. 2010). The primary concern in upper
airway constriction is the deterioration of patients' sleep quality and the emergence of sleeprelated disorders (Hu, 2015). Obstructive sleep apnea (OSA) is a chronic disorder presenting with
the cessation of airflow with the persistent respiratory effort to overcome the collapsed airway
(Svaza et al. 2011). Although there is no direct relationship between airway dimensions and its
collapsibility, increasing evidence supports the idea that specific craniofacial morphologies
including retrusive mandible, steep mandibular plane, and retropositioning of the tongue are
correlated with OSA symptoms(Behrents et al. 2019; Hu et al. 2015). Various methodologies
have been tested in studies to evaluate the upper airway dimensions. Lateral Cephalogram was
first used for upper airway evaluation. However, this technique's inherent disadvantages,
including the dimensional and morphological distortion, and 2 -dimensional view of 3dimensional objects, make its usage obsolete(Stefanovic et al. 2013; Valiathan et al. 2010).
Three-dimensional cone beam computed tomography (CBCT) has been used widely to measure
upper airway dimensions (Tsolakis et al. 2016). This technology has replaced others due to its
advantages including lower radiation dose than medical CT, accurate image quality, actual size
image characteristics, and the ability to assess the dimensions and morphology of the structures in
3-dimensions (Stefanovic 2013; Valiathan 2010). The results of studies that have attempted to
evaluate the effect of orthodontic treatment with and without extraction in upper airway
dimensions are inconclusive. Several studies that assessed the airway did not elaborate on the
indication for extraction, along with the absence of reliable outcome measurements (Hu et al.
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2015; Stefanovic et al. 2013; Valiathan et al. 2010). Additionally, a group of articles did not have
a control group (Al Maaitah et al. 2012; Chen et al. 2018; Wang et al. 2012). Overall, the level of
evidence present in the literature is low to medium (Hu et al. 2015; Orabi et al. 2021). Previous
studies using CBCT to analyze the upper airway used various landmarks for their evaluation. The
superimposition of the CBCT images provides the capability to measure the dimensions more
consistently and reliably, and provides a better understanding of the morphologic changes that
might happen due to the treatment. To the author's best knowledge, no study used the
superimposition technique to evaluate the upper airway dimensional and morphologic changes
after orthodontic treatment with tooth extraction. Therefore, this study aims to implement the
anterior cranial base 3-dimensional superimposition technique to assess the upper airway
dimensional alteration following orthodontic treatment with tooth extraction.
The null hypothesis is that orthodontic treatment with or without extraction does not alter upper
airway dimensions and morphology.
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CHAPTER 2: LITERATURE REVIEW
2.1. Pharyngeal function
The pharynx has three crucial functions:1) Respiration, 2) deglutition 3) speech (Arens
and Marcus 2004). The pharynx maintains the resemblance with other primates` structures with
some distinct variation. Its function as a discrete pathway for respiration and deglutition show
similarity with other primates. However, in humans, the laryngeal descendance to the level of the
fifth cervical vertebra contributes to an additional function of the airway: phonation. The pharynx
resembles a flexible tube with intrinsic and extrinsic muscles. The coordinated function of all the
muscles, with their flexible nature, gives the pharynx the capability to change its shape and
length. For respiration, the pharynx needs to keep its rigidity. None of the pharyngeal muscles in
humans functions as a dilator. Therefore, the pharynx is prone to collapse and airway passage
impedance (Arens and Marcus 2004).
2.2. Pharyngeal anatomy
The pharynx is subdivided into three regions: 1) nasopharynx, 2) oropharynx, 3)
hypopahrynx, or laryngopahrynx. Nasopharynx is the area positioned superior to the hard palate.
It is connected with the nasal cavity anteriorly. Oropharynx is the area inferior to the hard palate
and superior to the larynx. The oropharynx has two compartments: retropalatal area, which is
posterior to the soft palate, positioned between the hard palate superiorly, and the soft palate
inferiorly. The retroglossal area is positioned posteriorly to the tongue and between the soft palate
and tip of the epiglottis. In Infants, the epiglottis and tongue are positioned in proximity to each
other. Therefore, the retroglossal area is small. However, in adults, the retroglossal area
constitutes the major part of the oropharynx. The anterior boundary of the oropharynx is
comprised of the soft palate and tongue. Posteriorly, extrinsic muscles including the hyoglossus,
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styloglossus, stylohyoid, stylopharyngeus, palatoglossus, palatopharyngeus, and the lateral
aspects of the superior, middle, and inferior pharyngeal constrictors bound the oropharynx.
Additionally, Other soft tissue structures like lymphoid tissue and adipose tissue limit the
lateral borders(van Lunteren 1993; van Lunteren and Strohl 1986). The hypopharynx is
positioned posterolateral to the larynx and connected to this structure through the pyriform
recesses and vallecula. (Arens and Marcus 2004).
2.3. Biomechanical characteristics
The upper airway can be depicted as a collapsible tube with upstream(nasal) and
downstream (hypopharynx) segments. These segments have fixed diameters and resistance.
Sterling proposed a model for collapsible tubes that describes the upper airway(Schwartz et al.
1988). Based on his model, the upstream and downstream pressure is equal to atmospheric and
tracheal pressure generated by the diaphragm, respectively (Arens and Marcus 2004). When the
pressure surrounding the collapsible segments surpasses the pressure within the tube, collapse
occurs. This critical tissue pressure, Pcrit, is crucial in determining upper airway response. In
normal humans, the downstream pressure never reaches the critical tissue pressure when the
upstream resistance is low and below the Pcrit. Therefore, no collapse will happen. On the
contrary, if the downstream pressure approaches the Pcrit, the inspiratory flow is independent of
downstream pressure swings and reaches a maximum inspiratory flow (Marcus et al. 1994;
Schwartz et al. 1988). Since the upper airway is not a passive tube, critical tissue pressure in
living humans is a function of both anatomic characteristics and neuromuscular tone(Arens and
Marcus 2004).
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2.4 Obstructive sleep apnea
2.4.1 Adult obstructive sleep apnea (AOSA)
Sleep-related breathing disorders (SRBDs) comprise a spectrum of diseases that include
various obstructive phenomena, comprising primary snoring, upper airway resistance syndrome,
obstructive sleep apnea (OSA), and the related entities of central sleep apnea and sleep-related
hypoventilation. (Behrents et al. 2019)
2.4.1.1 Pathophysiology
As described earlier, the pharyngeal closing pressure (Pcrit) is the crucial pressure at
which the upper airway collapses. The collapsibility is a function of both anatomy and
neuromuscular tone. In a constricted airway, the respiratory effort will increase to maintain the
airflow. Additionally, an increase in the serum carbon dioxide (hypercarbia) and a decrease in
serum oxygen (hypoxemia) results in arousal from sleep, which enhances the sympathetic
activation, leading to increased heart rate and blood pressure and abnormal heart rate. After
arousal from sleep, airway patency will be resumed. However, returning to sleep will trigger the
cycle again, and the airway will collapse again. This cycle might repeat multiple times during
sleep time (Behrents et al. 2019).
2.4.1.2 Prevalence
In different studies, OSA prevalence in adults varies from 4% to 14% due to variation in
age, obesity, and sex (Arens and Marcus 2004; Behrents et al. 2019; Young et al. 1993). OSA's
true prevalence is underreported due to the under-diagnosis of the disease. The prevalence is
higher in specific populations like obese males or post-stroke patients (Behrents et al. 2019).
2.4.1.3 Risk factors
Risk factors for OSA include obesity (body mass index [BMI] >30 kg/m2), menopause,
male sex, and increasing age. Craniofacial anomalies are also considered as predisposing factors.
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These anomalies comprise dolichofacial pattern, narrow and high vault palate, retruded mandible,
steep mandibular plane angle, midfacial deficiency, anterior open bite, and retruded hyoid
position (Arens and Marcus 2004; Behrents et al. 2019).
There is a controversy on the predictive value of craniofacial anomalies for the
development of OSA. In a white paper published in 2019, Behrent et al. stated that the level
correlation between OSA and craniofacial anomalies could not be confirmed. However, there is
evidence in the literature to suggest an association between mandibular length and OSA (Miles et
al. 1996).
In addition to large epidemiologic studies, results from genetic susceptibility studies
support the premise that genetics play a role in modifying craniofacial morphology, enhancing
OSA prevalence in certain families and ethnicities (Cakirer et al. 2001; Will et al. 1995).
Moreover, the hereditability of ventilatory drive and obesity in families are other reasons for
familial predisposition to OSA (Arens and Marcus 2004).
In addition to craniofacial structures, soft tissue also affects the upper airway dimensions.
Tissue enlargement in the tongue, soft palate, parapharyngeal fat pads, and lateral pharyngeal
walls result in airway narrowing. It seems that the interaction among these structures reduces
upper airway dimensions which may predispose the upper airway to narrowing. The mechanisms
that explain these changes are not fully understood, but they can be classified as obesity, edema
and inflammation, primary muscle disorder and factors related to sex (Caballero et al. 1998;
Schwab and Goldberg 1998; Wu et al. 2016).
Obesity is the most critical risk factor for adult OSA. The most predictive index for OSA
emergence in adults is neck circumference (Arens and Marcus 2004; Davies et al. 1992). The
significance of neck circumference in the development of adult OSA has been supported by many
studies illustrating increased fat deposition around the airway both in obese and non-obese
patients with OSA(Mortimore et al. 1998; Shelton et al. 1993; Welch et al. 2002). It seems that
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obesity can narrow the upper airway both by increasing the upper airway soft tissue size and
increasing fat deposition in those structures (Arens and Marcus 2004).
Chronic inflammation and edema may cause OSA. The speculated mechanism is that the
upper airway would get entrapped caudally during the intrathoracic pressure fluctuation. The
therapeutic effect of continuous positive airway pressure (CPAP) is through the reduction in the
upper tissue edema (Hamans et al. 2000; Sekosan et al. 1996).
Myopathy is considered as one of the risk factors for OSA. Patients with OSA demonstrate more
type II fibers compared to normal subjects. It is proposed that type I fibers are more resistant to
fatigue, which is why type II fibers are more evident in OSA subjects (Arens and Marcus 2004).
OSA is more common in males compared to females (Behrents et al. 2019). Although the
pharynx is shorter and narrower in females, the reduced occurrence of OSA in women might be
related to a stiffer and less collapsible upper airway (Martin et al. 1997; Pillar et al. 2000; Trinder
et al. 1997).
2.4.2 Pediatric obstructive sleep apnea
2.4.2.1 Prevalence
OSA prevalence in pediatric patients varies between 2-9%, depending on the patient
population (Arens and Marcus 2004). The exact prevalence of OSA in infants has not been
determined. However, the syndrome is more common in premature infants, newborns, and infants
with specific craniofacial anomalies. The incidence of OSA in preschool children and adolescents
is 1.9% and 2%, respectively. The prevalence is higher in premature infants and decreases as the
infant grows older (Arens and Marcus 2004).
2.4.2.2 Risk factors
Craniofacial anomalies are a risk factor for infant OSA. Craniofacial synostosis, seen in
syndromes like Crouzon, Pfeiffer, Apert, mandibulofacial dysostoses, and Pierre Robin sequence,

9
is associated with OSA. OSA might develop early in these patients. However, symptoms might
not develop until the child get older and develops adenotonsillar hypertrophy. Two primary
mechanisms have been proposed to explain the development of OSA in these patients. First,
hypoplasia of the maxillomandibular complex causes crowding of the adenotonsillar tissue and
narrowing of the upper airway. The second mechanism is decreased neuromuscular tone,
resulting in glossoptosis and pharyngeal collapse (Akre et al. 2012; Sher 1992). In Down
syndrome patients, the presence of midfacial hypoplasia, glossoptosis, adenotonsillar
hypertrophy, and reduced neuromuscular tone predispose these patients to OSA (Arens and
Marcus 2004).
Obesity is considered a crucial risk factor in pediatric patients as well. However, a group
of pediatric OSA patients are underweight due to its effect on growth (Behrents et al. 2019).
2.4.3 Anatomic factors in different age groups
Smaller upper airway is found in all age groups and might be considered as an important
risk factor for airway narrowing and collapse during sleep. OSA is not common in infants
(children younger than 1-year-old). Nonetheless, children with craniofacial abnormalities have a
higher risk of developing severe forms of OSA (Arens and Marcus 2004).
In pediatric patients, children between the age of 2-8 years are more prone to OSA. The most
common etiology is adenotonsillar hypertrophy. Alteration in the neuromuscular tone is the other
significant reason for OSA development (Arens and Marcus 2004; Behrents et al. 2019).
Adolescent OSA shares many features with adult OSA. Recent evidence suggests that obesity is a
significant risk factor in this age group (Arens and Marcus 2004).
Adult OSA occurs mainly in the middle aged group people with a history of obesity, male
sex, familial aggregation, and increased neck circumference. Some craniofacial features such as
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the narrow palate, midface deficiency, retruded mandible, steep mandibular plane angle, and
anterior open bite have been correlated with OSA (Arens and Marcus 2004; Behrents et al. 2019).
2.4.4 Neuromuscular factors in different age groups
Although structural factors play an essential role in the pathophysiology of OSA, the
neuromuscular tone also has a crucial role in its pathophysiology. Studies show that OSA
happens mainly during sleep when muscular tone diminishes, enlightening the importance of
neuromuscular factors (Arens and Marcus 2004). Neuromuscular factors can be classified as
central ventilatory drive, muscle tone, upper airway sensation, and upper airway reflexes (Arens
and Marcus 2004).
Central ventilatory drive is the drive of the central nervous system to breathe (Eckert et
al. 2007). The importance of ventilatory drive in OSA patients remains controversial (Arens and
Marcus 2004). Many studies that assessed hypoxic or hypercapnic responses in adults did not
have control groups and conducted only during wakefulness. Therefore, the results are
conflicting, and no clear conclusion can be drawn (Benlloch et al. 1995; el Bayadi et al. 1990; Lin
1994).
Upper airway muscles activity is inversely related to collapsibility. Evidence suggests
that adult patients with OSA have elevated muscle tone to compensate for the narrower airway.
However, this response is diminished during sleep resulting in more airway collapse during sleep
time (Mezzanotte et al. 1992).
Overall, in otherwise healthy OSA patients of all ages, the ventilatory drive to hypoxia
and hypercapnia is normal (Arens and Marcus 2004). Nonetheless, neuromuscular reflexes are
blunted in children with OSA. Further studies should be conducted to elucidate if these effects are
primary or secondary. The central nervous system response to airway obstruction is different in
infants and children compared to adults. Pediatric patients usually do not compensate for the
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resistance in airflow. Therefore, they show more obstructive hypoventilation rather than
obstructive sleep apneas (Arens and Marcus 2004).
2.4.5 Diagnosis
2.4.5.1 Adult OSA
A sleep medicine specialist is responsible for the diagnosis of OSA. The gold standard
test includes either an in-center overnight sleep study (polysomnography [PSG]) or out-of-center
sleep testing (OCST) for selected patients (Behrents et al. 2019).
International Classification of Sleep Disorders proposed two sets of diagnostic criteria for OSA.
A patient is considered to have OSA if they have at least one of the following criteria:1) the
patient has sleepiness, nonrestorative sleep, fatigue, or insomnia symptoms, (2) the patient wakes
with breath-holding, gasping, or choking, (3) a bed partner or other observer reports habitual
snoring, breathing interruptions, or both during the patient's sleep, and (4) the patient has been
diagnosed with hypertension, a mood disorder, cognitive dysfunction, coronary artery disease,
stroke, congestive heart failure, atrial fibrillation, or type 2 diabetes mellitus; and
polysomnography or OCST shows at least five predominantly obstructive events (obstructive or
mixed apneas, hypopneas, or respiratory effort-related arousals (RERAs) per hour of sleep during
a PSG or per hour of monitoring on OCST (Behrents et al. 2019; Ito and Inoue 2015).
The second set of criteria includes 15 or more predominantly obstructive events on the PSG or
OCST machines. Obstructive events comprise obstructive or mixed apneas, hypopneas, or
RERAs per hour of sleep during a PSG or per hour of monitoring on OCST (Behrents et al. 2019;
Ito and Inoue 2015).
Apnea-Hypopnea Index (AHI) or Respiratory Distress Index (RDI) are used to classify the
severity of obstructive sleep: categories are mild (AHI or RDI ≥5 and <15), moderate (AHI or
RDI ≥15 and<30), and severe (AHI or RDI ≥30). The minimum oxygen saturation is another
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factor when performing a clinical assessment of OSA. However, no consensus is available for the
severity of oxygen desaturation (Ito and Inoue 2015).
2.4.5.2 Pediatric OSA
Similar to adults, diagnosis of OSA in pediatric patients should be confirmed by a sleep
medicine specialist. The gold standard test is polysomnography (PSG). In addition to standard
channels, PSG for children is monitoring CO2 (either end-tidal CO2 or transcutaneous) (Behrents
et al. 2019). International Classification of Sleep Disorders proposed two sets of criteria for the
diagnosis of OSA. The presence of at least one of the following satisfies the first criteria. (1)
snoring, (2) labored, paradoxic, or obstructed breathing during the child's sleep, or (3) sleepiness,
hyperactivity, behavioral problems, or learning problems; and polysomnography shows one or
more obstructive apneas, mixed apneas, or hypopneas per hour of sleep (Ito and Inoue 2015).
Alternatively, OSA is diagnosed with PSG if the following criteria are met.
Presence of a pattern of obstructive hypoventilation, which is defined as at least 25% of
total sleep time with hypercapnia (PaCO2>50 mm Hg) associated with at least one of the
following:
1) Snoring, (2) flattening of the inspiratory nasal pressure waveform, or (3) paradoxic
thoracoabdominal motion (Ito and Inoue 2015).
Various diagnostic criteria have been used in the literature to determine the severity of
pediatric OSA. Some studies use the adult criteria of AHI ≥5/h. Other studies define childhood
OSA as mild (AHI or RDI ≥1 and<5/h), moderate (AHI ≥ 5 and <10/h), and severe (AHI ≥10/h).
It is worth mentioning that the scoring of obstructive apneas and hypopneas on PSG differs
slightly for children and adults. For adults, event duration is defined to last at least 10 seconds,
whereas, for children, obstructive event duration is defined to last at least 2 breaths (Behrents et
al. 2019).
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2.4.6 Consequence of obstructive sleep apnea
The consequence of obstructive sleep apnea can be classified as the direct impact vs.
secondary consequence. Intermittent hypoxia and hypercapnia, recurrent arousals, and increased
respiratory efforts are considered the direct effect of airway collapse, leading to secondary
sympathetic activation, oxidative stress, and systemic inflammation. Morning sleepiness is a
constant burden for patients. Cardiovascular morbidities like hypertension, arrhythmias, stroke,
coronary heart disease, atherosclerosis, and metabolic dysfunction are the secondary
consequences that happen in response to the direct impact. (Lévy et al. 2015).
In addition to cardiovascular sequela, pediatric patients are prone to impaired growth as a
result of OSA. Untreated OSA in children might result in neurocognitive disorders and behavioral
problems. Snoring and enuresis that develop due to untreated OSA can affect interpersonal
interactions (Behrents et al. 2019).

2.5 Orthodontics and sleep apnea
Orthodontics is a profession that involves screening and treating a wide range of
malocclusions. Orthodontists are trained to have the knowledge and skills to diagnose and treat
soft and hard tissues problems in the craniofacial area (Behrents et al. 2019). Orthodontics can
impact obstructive sleep apnea at three levels: 1) orthodontics as part of screening, 2)
orthodontics as part of treatment 3) iatrogenic effect of orthodontics on OSA.
The following sections, first, briefly discuss the effect of orthodontics in the screening and
treatment phases. Next, a thorough review of the literature will be performed on the scientific
evidence regarding the iatrogenic impact of orthodontics on OSA.
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2.5.1 Orthodontics and OSA screening
Orthodontists are well trained to screen patients and refer at-risk patients for further
evaluation and diagnosis. STOP-BANG questionnaire is a screening tool validated for adult
patients (Chung et al. 2016; Luo et al. 2014). This tool asks yes/no questions, and the acronym
stands for: snoring (S), tiredness (T), observed pauses in breathing (O), high blood pressure (P),
BMI >35 kg/m2 (B), age ≥50 years (A), neck circumference of ≥17 inches in men, or ≥16 inches
in women (N), and male gender (G). A patient is considered to be at low risk for OSA if the
questionnaire has no more than 2 "yes" answers, at intermediate risk if there are 3 or 4 "yes"
answers, and at high risk, if there are five or more "yes" answers. The patient is considered at
high risk also if there are 2 "yes" answers from the STOP section, combined with either male
gender, high BMI, or large neck size. STOP-BANG is a sensitive test with small false-negative
results. Its sensitivity to detect mild, moderate, and severe OSA is 84%,93%, and 100%,
respectively (Chung et al. 2016). In the screening of pediatric patients with the signs or symptoms
of OSA, tonsillar size and the degree of their impingement on the upper airway should be
recorded. There are no clear correlations between tonsillar size and the degree of OSA. Therefore,
patient-specific decisions should be made on a case-by-case basis, and appropriate referral to an
otolaryngologist should be made when necessary (Behrents et al. 2019). Pediatric Sleep
Questionnaire (PSQ) is a potential screening tool with a high negative predictive value (99%) that
can be used as the first step in triaging patients (Chervin et al. 2000; Dooley et al. 2020).
2.5.2 Orthodontics and OSA treatment
Oral appliances are considered the first line of treatment for patients with a mild form of
OSA who prefer oral appliances over positive airway pressure (PAP) devices or for patients who
are not responsive to PAP (Koretsi et al. 2018; Ramar et al. 2015). Based on the mode of action,
oral appliances can be classified as mandibular advancing oral appliances (OAms) or tongue
restraining devices (Behrents et al. 2019). These appliances differ based on coupling design,
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mode of fabrication and activation, titration capability, degree of vertical opening, lateral jaw
movement, and whether they are custom-made or prefabricated. The end goal for these appliances
is to eliminate or reduce signs and symptoms like snoring, resolution of initial symptoms, and
normalization of AHI and oxyhemoglobin saturation (Behrents et al. 2019).
In pediatric patients, dentofacial orthopedics might be prescribed to treat OSA in
appropriately selected subjects. In mixed dentition patients with OSA and skeletal need for Rapid
maxillary expansion (RME), the evidence suggests that RME can reduce AHI both in the short
and long term (Camacho et al. 2017). However, the evidence does not recommend prophylactic
prescription of these appliances in the absence of an underlining skeletal problem (Behrents et al.
2019). Mandibular anterior repositioning devices can be used in mixed dentition patients to treat
skeletal discrepancy and improve OSA symptoms. The results from these studies are short-term
and did not incorporate control samples (Behrents et al. 2019; Ng and Yow 2019).
Patients with severe OSA and underlying sagittal skeletal discrepancy who are not
tolerant of PAP therapy are candidates for maxillomandibular advancement (MMA) or
telegnathic jaw advancement (Behrents et al. 2019). Surgically assisted rapid maxillary expansion
(SARME) has been advocated in the literature to lower the PSG parameters when used in patients
with maxillary transverse issues (Yoon et al. 2020).
2.6 Upper airway measurement techniques
Various radiologic modalities have been used to analyze the upper airway. These
techniques range from plain lateral cephalograms to three-dimensional magnetic resonance
imaging (MRI), computed tomography (CT), and cone-beam CT (CBCT) (Abé-Nickler et al.
2017).
Many authors assessed upper airway using 2- dimensional (2D) cephalograms in normal
patients and compared the values with subjects showing OSA signs and symptoms (Abé-Nickler
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et al. 2017; Finkelstein et al. 2001; Samman et al. 2003). The validity and reproducibility of the
measurement of upper airway dimensions using 2D methods (i.e., lateral cephalograms) have
been investigated. Navarro et al. compared the reliability of three different methods of measuring
the upper airway dimensions. Analog, digital, and reconstructed lateral cephalograms from CBCT
images were compared. They concluded that all three methods are reliable and valid (Navarro
Rde et al. 2013). Other studies have shown conflicting results. In a study performed on dry skulls,
authors evaluated the accuracy of linear measurements recorded using two 2D lateral
cephalograms and one 3D model from CBCT. Authors concluded that the 3D measurements
resulted in a better observer agreement, and the readings are more accurate and reliable
(Pittayapat et al. 2014). Although the upper airway is formed by soft tissue, its shape is
influenced by surrounding bony and soft structures (Abé-Nickler et al. 2017). Abe`-Nickler et al.
assessed the correlation of 2D and 3D images of pharyngeal upper airway space in 239 healthy
subjects. They studied the upper airway in 5 different levels to analyze both 2D and 3D
configurations. Their study suggests that no correlation exists between 2D measurements and the
3D configuration of the upper airway (Abé-Nickler et al. 2017). In another study, Savoldi et al.
tested the reliability of lateral cephalometric radiographs (LCR) to assess the upper airway, hyoid
bone, soft palate, and tongue. This study proposes that LCR is reliable in detecting hyoid bone
position. However, limited accuracy in detecting soft palate and tongue reduces the diagnostic
value of this technique (Savoldi et al. 2020). In a systematic review by Major et al., the diagnostic
value of lateral cephalograms in detecting posterior airway obstruction and adenoid hypertrophy
was analyzed. The study recommended that cephalograms are not ideal for evaluating the size of
the posterior nasopharyngeal airway. The reason is due to compressing a 3D structure in 2D
radiographs resulting in loss of information (Major et al. 2006).
Computed tomography (CT) has been used to evaluate the upper airway for a long time.
This technique provides excellent soft tissue contrast and allows measurement of the airway in
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three planes in addition to 3D reconstruction and volumetric assessment. The major
disadvantages of CT scans are cost and radiation dose (Stuck and Maurer 2008). When compared
to MRI, CT scan has lower soft tissue resolution, particularly when comparing the upper airway
adipose tissue (Schwab and Goldberg 1998). Most of the CT scan studies of OSA patients are
performed during wakefulness due to radiation dose concerns. These studies suggest a narrower
upper airway, smaller retropalatal area, and larger tongue and soft palates in OSA patients
(Schwab and Goldberg 1998; Stuck and Maurer 2008). Dynamic imaging with electron beam CT
illustrated that, in apneic patients, the retropalatal area comes to closure during sleep (Stein et al.
1987).
Magnetic resonance (MR) imaging is the ideal imaging technique for patients with sleep
apnea (Schwab 1998). The inherent advantages to this technique are excellent soft-tissue
resolution (particularly adipose tissue), the ability to determine the cross-sectional and coronal
sections, no radiation, and the capability of performing the test during wakefulness and sleep
(Abbey et al. 1989; Ryan et al. 1991). MR imaging is useful in assessing the role of genetics in
sleep apnea patients. Structural traits like upper airway fat deposition and the size of critical soft
tissue structures like soft palate, tongue and lateral pharyngeal structures determined partly by
genetics can be studied by this technique in detail (Abbey et al. 1989).
From its introduction to the field of dentistry in 1998, cone beam computed tomography
(CBCT) has been widely used. CBCT technology has been improving with lower radiation to the
patients, reduced cost, and acceptable accuracy in identifying the boundaries of the airway and
soft tissues (Lenza et al. 2010). Ogawa et al. compared the cross-sectional morphology of the
upper airway in OSA and non-OSA patients using the CBCT technique. The study showed that
OSA patients have lower total upper airway volume, smaller anteroposterior dimension, and
smaller minimum cross-sectional area (Ogawa et al. 2007). Tso et al. implemented the CBCT
technique to define and measure human airway space. Based on the ten random scans retrieved
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from 196 subjects, they recommended that the most restricted cross-sectional area is close to the
oropharynx (Ogawa et al. 2007). Yamashina et al. compared the reliability of upper airway
measurements performed with CBCT vs. multidetector CT. This study used a soft tissue
equivalent phantom with different size holes to replicate the upper airway. The results suggest
that the CBCT values for the fat had a wide range that partially overlapped with muscle. Overall,
the study concluded that although CBCT provided limited quantitative values for differentiating
air, water, and fat, air space measurements are accurate with this technique (Yamashina et al.
2008).
Various software program introduced airway features to segment and measure upper
airways with automatic or semi-automatic protocols during the past years. Weissheimer et al.
studied the software accuracy for upper airway assessment. They compared Mimics (Materialise,
Leuven, Belgium), ITK-SNAP 3.8.0 (www.itksnap.org), OsiriX (Pixmeo, Geneva, Switzerland),
Dolphin3D (Dolphin Imaging & Management Solutions, Chatsworth, Calif), InVivo Dental
(Anatomage, San Jose, Calif), and Ondemand3D (CyberMed, Seoul, Korea) software programs in
measuring an acrylic phantom and scans from 33 growing patients. The results from the study
proposed that all 6 software programs were reliable, but errors were seen in the volume
segmentation. They concluded that "Mimics, Dolphin3D, ITK-SNAP 3.8.0, and OsiriX were
similar and more accurate than InVivo Dental and Ondemand3D for upper airway assessment"
(Weissheimer et al. 2012). In another study, El et al. analyze the accuracy and reliability of
Dolphin3D (version 11, Dolphin Imaging & Management Solutions, Chatsworth, Calif), InVivo
Dental (version 4.0.70, Anatomage, San Jose, Calif), and OnDemand3D (version 1.0.1.8407,
CyberMed, Seoul, Korea) and compared them with a previously tested manual segmentation
program called OrthoSegment (OS) (developed at the Department of Orthodontics at Case
Western Reserve University, Cleveland, Ohio). The results suggest that all the programs studied
demonstrated a high correlation with the OS program. However, the accuracy of the
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measurements with the three programs was not high, suggesting systematic errors (El and Palomo
2010).
The correlation of measurements performed with the CBCT technique has been
compared to dynamic assessments. Tsolakis et al. compared the acoustic reflection techniques
with the CBCT method. They examined the CBCT images of 59 patients who had the
radiographs as part of their treatment and compared them with acoustic rhinometry and acoustic
pharyngotomy. Overall, CBCT showed high accuracy in measuring the pharyngeal minimal
cross-sectional area, anterior nasal volume, and nasal cross-sectional area. Although the
pharyngeal volume measurements differed significantly from the two dynamic methods, the
authors concluded that the difference is not clinically significant (Tsolakis et al. 2016). PachecoPereira et al. studied the correlation and reliability of CBCT from 38 patients with
nasopharyngoscopy technique to assess the adenoid hypertrophy. The results from the study
suggested that the measurements performed with the Dolphin 3D through the automatic airway
feature are consistent and reliable. However, the measurements of nasopharyngeal adenoid
hypertrophy were not highly correlated with nasopharyngoscopy findings.
2.7 Three-dimensional superimposition
Sphenoethmoidal synchondrosis ceases to grow at 7-8 years of age. This phenomenon is
due to the cessation of growth in structures that are related to neural tissues. Therefore, the
anterior cranial base serves as a reference for superimpositions (Ponce-Garcia et al. 2020). The
conventional method of superimposition uses the specific landmarks for 2D lateral cephalograms.
However, 2D superimposition does not fully illustrate on 3D scale due to loss of information ss
(Adams et al. 2004; Halazonetis 2005). 3D models constructed from CBCT images can be
superimposed by registering stable landmarks or achieving the best fit of stable anatomical
regions (Ponce-Garcia et al. 2020). Superimposition of 3D images is performed by one of the
following methods:1) voxel-based 2) point/landmark-based, 3) surface-based. All three methods
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need to use the anterior cranial base as the stable landmark for superimpositions (Ponce-Garcia et
al. 2020). Voxel-based superimposition is a semi-automatic registration. After the clinician
manually approximates the area of interest, the software registers two scans based on the
information from the voxels. This technique is helpful in nongrowing patients, showing
reproducible results (Park et al. 2015). In the point/landmark method, arbitrary selected points are
registered using a software-assisted best-fit algorithm. This method is best indicated in patients
during growth or during the treatment process (Park et al. 2015). Surface-based superimposition
uses the iterative closest point (ICP) technology. Measurements are made by using the same
points on the same surface at different time points. In this technique, the operator manually
defines an area of interest, like the anterior cranial base, then the software automatically registers
the identical landmarks. This method is a valid and reproducible assessment of treatment
outcomes for growing patients (Park et al. 2015).
Ponce-Garcia et al. compared the reliability of three 3D superimposition methods.Two
voxel-based superimposition including Craniofacial registration (CMFreg) 3D Slicer 4.1.1, and
Dolphin, and one landmark-based superimposition technique. The study demonstrated that the
three superimposition techniques have excellent intraclass reliability. The reliability between the
three groups was not powerful, with two voxel-based superimpositions demonstrating similar
mean differences. The accuracy of the measurements could not be determined (Ponce-Garcia et
al. 2020).
Ruellas et al. studied the effect of head orientation on the amount of directional changes
in 3-dimensional (3D) space. Seven landmarks were identified on the 3-dimensional label maps
of the CBCT images from 30 growing patients. The authors compared the directional changes of
the identified points before and after registrations. The 3D differences were not affected by the
head orientation. However, the amount of directional change in each plane of 3D space is
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influenced by head orientation. They proposed a method of head orientation to obtain a common
3D coordinate system that was reproducible (Ruellas et al. 2016).
2.8 Effect of orthodontic treatment with extraction on the upper airway
Extraction has been prescribed in orthodontics for a long time for various reasons. Tooth
size arch size discrepancy (crowding), bimaxillary dentoalveolar protrusion, Angle's Class II or
class III camouflage treatment are the essential indications for tooth extraction (Hu et al. 2015;
Orabi et al. 2021). Historically, orthodontic extraction and distalization of the upper dentition by
headgear or intraoral appliances have been postulated to cause a reduction in the upper airway
dimensions (Behrents et al. 2019). The assumption came from the hypothesis that extraction or
distalization of the upper dentition causes a decrease in arch length. Hence, restriction in the
tongue space leads to posterior positioning of the tongue and constriction in the upper airway
(Orabi et al. 2021).
Orabi et al. attempted to perform a systematic review and meta-analysis with an objective
"to evaluate the effect of orthodontic extraction on the pharyngeal airway volume and minimum
cross-sectional area (MCA) in growing and adult patients". After examining the available
databases, 7 studies fulfilled the inclusion criteria. 268 patients received orthodontic treatment
with extraction, and 342 non-extraction control group subjects were included in the study. Results
from the study did not support the notion that extraction of premolars in bimaxillary protrusion
patients or crowding patients would decrease the upper airway volume or minimum crosssectional area. The authors concluded that the risk of bias is moderate to high in the available
studies and further prospective studies are needed to assess upper airway dimensions after
orthodontic treatment with extraction (Orabi et al. 2021).
Joy et al. analyzed the airway and cephalometric changes in 83 patients who received
orthodontic treatment with or without extraction. The patients were matched 1:1 for age and sex.
15 airway measurements in addition to 10 skeletal and dental measurements were assessed. The
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results suggest that extraction did not affect airway dimensions. However, overall, the findings
showed that patients with smaller airways showed an increase in the airway dimensions; and
larger airways demonstrated reduction irrespective of their treatment modality. The authors
concluded that there is no evidence that extractions in nongrowing patients would negatively
impact the size of the nasopharynx, retropalatal, or retroglossal regions (Joy et al. 2019).
Park et al. compared the upper airway volume and cross-sectional area after maxillary
dentition distalization in extraction vs. non-extraction patients. In the extraction group, maxillary
first bicuspids were extracted. Then after the retraction of upper incisors, a distalizing appliance
was used to distalize the upper arch even further. Results from the study suggest that maxillary
premolar extraction/ distalization did not change upper airway volume or minimum crosssectional area (Park et al. 2018).
Chen et al. investigated the effect of orthodontic treatment with extraction on upper
airway dimensions and morphology of 50 adolescent patients when maximum anchorage protocol
was implemented. Findings suggested that the volume, mean cross-sectional area, and minimum
cross-sectional area of the oropharynx and hypopharynx decreased significantly. Additionally, the
amount of mandibular incisor retraction and hyoid retraction were positively correlated. Based on
these findings, the authors concluded that the upper airway should be considered when extraction
with maximum anchorage is performed in bimaxillary protrusion patients (Chen et al. 2018).
In another study, Pliska et al. assessed the effect of orthodontic treatment with and
without extraction on the upper airway volume and minimum cross-section in 74 adult patients.
Findings from the study suggest that the changes in the volume and minimum cross-sectional area
for all airway regions are not statistically significant (Pliska et al. 2016).
Shanon (2012) compared the effect of orthodontic treatment on the airway measurements
in two different treatment modalities: Premolar extraction vs. non-extraction. The data from the
study suggest that oropharyngeal width, cross-section, and volume increased at the levels of the
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posterior soft palate, posterior nasal spine, and the tip of the epiglottis in both treatment
modalities. There was no evidence to suggest that reducing the arch parameter has a constrictive
effect on the upper airway (Shannon 2012).
Stefanovic et al. analyzed 3-dimensional airway changes in patients receiving orthodontic
treatment with or without extraction. In the extraction group, data illustrated a statistically
significant increase for the nasopharyngeal and oropharyngeal volumes and area of maximum
constriction—similar results achieved for the non-extraction group. The authors proposed that the
increase in airway measurements is due to growth (Stefanovic et al. 2013).
Zhang et al. analyzed the effect of orthodontic treatment with premolar extraction and
maximum anchorage (space closure fulfilled primarily by maxillary anterior teeth retraction) on
the upper airway morphology and dimensions. This retrospective study compared 18 class II
hyperdivergent patients with 18 untreated controls. Volume, height, and cross-sectional area of
the upper airway did not change significantly. However, the sagittal dimensions decreased, and
the morphology of the airway showed compression. The authors concluded that although the
quantitative dimensions did not change, morphological changes, particularly compression in the
anteroposterior dimensions, were observed (Zhang et al. 2015).
Chen et al. studied the effect of upper incisor retraction on the upper airway crosssectional area and hyoid bone retraction using a multi-slice CT scan. Findings of this
retrospective study indicated that mean cross-sectional area of palatopharynx, glossopharynx, and
hypopharynx decreased significantly after incisor retraction. The largest reduction was in the
hypopharynx. Strong correlations were observed with retraction distance of maxillary incisors,
retraction of the hyoid bone in the horizontal direction, and the reduction in the hypopharynx
mean cross-sectional area (Chen et al. 2012).
Al Maaitah et al. assessed the effect of incisor retraction with maximum anchorage on
airway dimensions and dental characteristics. The results demonstrated that incisor retraction with
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maximum anchorage decreased arch length significantly. However, no significant change was
observed in the upper airway dimensions. Despite the reduction in the tongue length and arch
length, hyoid bone position and upper airway did not show significant change (Al Maaitah et al.
2012).
Germec-Cakan et al. compared the effect of orthodontic treatment with/without
extraction and the type of anchorage on the magnitude of upper airway dimensions and incisor
retraction. In the extraction group with minimum anchorage, the upper airway measurements
show a significant increase. However, in the maximum anchorage group, a statistically significant
decrease was observed in the upper airway dimensions. The authors concluded that extraction
with maximum anchorage reduces the size of middle and inferior airway dimensions (GermecCakan et al. 2011).
2.9 Upper airway landmarks
Various landmarks have been proposed to define the upper and lower borders of the
upper airway. Abramson et al. proposed the following landmarks as the upper airway boundaries:
1) Upper boundary: hard palate 2) Lower boundary: base of the epiglottis 3) Anterior wall: soft
palate, tongue, and anterior wall of pharynx 4) Lateral and posterior wall: pharyngeal walls.
Retropalatal area includes the region from the hard palate to the inferior aspect of the soft palate.
Retroglossal region is defined as the area between the soft palate and epiglottis base (Abramson
et al. 2009).
Arens & Marcus defined the oropharynx as the area between the palate and larynx.
Anteriorly, the oropharynx is confined with the posterior 1/3 of the tongue and soft palate. In the
midsagittal view, the oropharynx is subdivided into the retropalatal and retroglossal areas. The
retropalatal area is from the hard palate to the caudal margin of the soft palate. Retroglossal
region extends from the soft palate to the epiglottis. Constrictor muscles bind the posterior wall of
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the pharynx, while the lateral walls are formed by various muscular, adipose, and lymphoid
tissues (Arens and Marcus 2004).
Gurgel et al. proposed hard tissue landmarks to define the oropharyngeal airway. Based
on their suggestion, soft tissue structures are not reliable due to movement during swallowing and
respiration. Therefore, the recommended landmarks are as follows: 1) Upper boundary: Hard
palate 2) Lower boundary: the most anterior superior point on the fourth cervical vertebra (C4 sa)
3) Anterior wall: soft palate, tongue, and anterior wall of pharynx 4) Lateral and posterior wall:
pharyngeal walls. They recommended that due to the lack of reliability of retropalatal and
retroglossal areas, practitioners need to use bony landmarks to define the superior and inferior
oropharyngeal regions. Therefore, they suggest having the most anterior inferior point on the
second cervical vertebra (C2ia) as the landmark to separate the superior upper airway from the
lower upper airway (Gurgel et al. 2021).
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CHAPTER 3: RESEARCH HYPOTHESIS AND SPECIFIC AIMS
3.1 Statement of the Problem
Orthodontic treatment can alter the hard and soft tissue morphology in the oropharyngeal
area. Orthodontic treatment with extraction of teeth has been speculated to reduce the upper
airway dimension and minimum cross-sectional area. Airway size and morphology are considered
as one of the risk factors that predispose the patients to obstructive sleep apnea (OSA). Upper
airway assessment to analyze the changes after orthodontic treatment has been done with various
two and three-dimensional imaging methods. However, no study has implemented a
superimposition technique using reliable landmarks like anterior cranial base to assess changes in
the upper airway morphology following orthodontic treatment. In addition to quantitative linear
and volumetric measurements, this technique accurately documents upper airway morphological
changes. The data from this study can aid practitioners in having a better understanding of
possible dimensional and morphological changes in the upper airway following orthodontic
treatment.

3.2 Research Hypothesis
The hypothesis for this study is that orthodontic treatment with or without dental
extraction does not cause significant changes in dimensions and morphology of the upper airway.
3.3 Specific aims
The above hypothesis was tested by pursuing the following specific aims:
1) Quantification of oropharyngeal airway volume before orthodontic treatment.
2) Determination of the minimum cross-sectional area of the upper airway at specific anatomic
levels before the treatment.
3) Determination of the linear anteroposterior and mediolateral dimensions at minimum crosssectional areas.
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4) Quantification of similar volumetric, cross-sectional, and linear dimensions after orthodontic
treatment.
5) Comparison of volumetric and linear dimensions of the oropharyngeal airway before and after
orthodontic treatment with and without extraction.
6) Comparison of the oropharyngeal airway morphology before and after orthodontic treatment
with and without extraction.
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CHAPTER 4: METHODS AND MATERIAL
4.1 Study Design
This study is a retrospective review of pretreatment and post-treatment CBCT data from
patients who received fixed appliance orthodontic therapy with and without extraction from an
orthodontic office in Wichita, Kansas. This study protocol was reviewed and approved by the
University of Nebraska Medical Center Institutional Review Board (# 0912-20-EX).
4.1.1 Data collection
Patients who visited one of Trimmel and Anders orthodontics offices in Wichita, Kansas
were recruited for the study. Comprehensive records were taken, including extraoral and intraoral
photographs, digital study models, and a large field of view cone-beam computed tomographic
(CBCT) image. All patients were diagnosed, treatment planned, and treated by one of the four
practitioners at the offices of Trimmel and Anders. Diagnostic evaluations, treatment appliances,
and completion of treatment are based on the orthodontist's discretion and patients' decision.
Additionally, records were taken during and after treatment to monitor the progress and assess the
health of the oral and craniofacial tissues.
Consecutive patients, who received orthodontic treatment with fixed appliances, with or
without extractions, were selected for this study from June 1, 2016, to August 8, 2018. Inclusion
criteria for this study included age, patients between 16-40 years at the start of orthodontic
treatment, and available CBCT images within 6 months of beginning and ending orthodontic
treatment. Exclusion criteria included any patients who had previous orthodontic therapy
(including interceptive or comprehensive), impacted maxillary lateral incisors or maxillary
canines, previous history of trauma, orthognathic surgically treated, cleft lip/palate patients, and
self-reported obstructive sleep apnea syndrome. 41 patients were included in this study, 21
received orthodontic treatment with teeth extraction, and 20 received orthodontic treatment
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without teeth extractions. Later, one patient was dropped off from the extraction group due to the
lack of image quality.
CBCT images were acquired using an I-CAT FLX imaging system (Imaging Sciences
International, Hatfield, Pa). The scans were taken at a sitting position. Subjects were instructed to
bite on the posterior teeth and remain stationary without swallowing. No instructions were given
regarding the mode of breathing or tongue position. Patients were asked not to swallow during
scan capturing. A chin holder stabilized each patient's mandibular anterior symphyseal region;
horizontal and vertical alignment lights were adjusted to the occlusal plane and anterior to the
condyle, respectively. A scout scan was taken to ensure proper patient positioning—patient
position was adjusted as needed for discrepancies between bilateral structures. Scan settings were
set to 120 kVp, 5mA with the dose area product of 623.9 mGy/.cm2. Scans were taken with one
360 degree rotation lasting 8.9 seconds comprising 300 basis images frames of 0.3mm voxel size
with a 16 cm Diameter x 13 cm Height field of view. DICOM data from the CBCT scan was
uploaded directly into Dolphin 3-dimensional imaging software (Dolphin Imaging and
Management Solutions, Chatsworth, Ca) for storage and interpretation.
DICOM data, demographic data, and clinical notes had been saved at university protected
database for a previous research project done by Dr. Jay Patel. DICOM data were imported to
Precision Workstation T3600 desktop computer (Dell, Round Rock, TX) with appropriate
imaging software as described in later sections. All images were viewed on a 60.47 cm LED
widescreen display monitor screen (Dell) having a resolution of 1920 x 1080 pixels.
Demographic and treatment factors were recorded for each patient based on the
information obtained from the patient's chart and progress notes. Treatment duration, sex,
malocclusion, age at the beginning of the treatment, treatment modality, and biomechanics were
recorded for each patient. Age and treatment duration were recorded in years and months,
respectively. Sex and ethnicity were collected based on information provided by the patient or
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legal guardian. Treatment modality and biomechanics were identified based on the treatment
notes and indications for the treatment.
Orthodontic treatments were performed using conventional fixed and auxiliary appliances
according to the treating orthodontist's discretion. Extractions were indicated in patients due to
crowding or bimaxillary dentoalveolar protrusion. All patients who received extraction treatment
had at least 2 maxillary premolars or 4 maxillary/mandibular premolars extracted. Patients
receiving extraction besides premolars were not included in the study.
4.2 Quantitative measurements
The DICOM images of the patients were uploaded to InVivo Dental 6.0 (Anatomage, San
Jose, CA). To achieve consistent head positioning, all scans were reoriented according to the
method described by Joe et al. (Joy et al. 2019). Using the head orientation tab in InVivo Dental
6.0 (Anatomage, San Jose, CA), the following adjustments were performed:
1) In the axial view, the midsagittal plane was oriented to pass through the anterior nasal
spine (ANS) and posterior nasal spine (PNS) and bisect the oropharynx.
2) In the lateral view, Frankfort horizontal plane was adjusted to be parallel to the true
horizontal line.
3) In the coronal view, the axial plane was adjusted by aligning the right and left inferior
orbital rims.
Anatomic landmarks and their definitions are summarized in Table 4.1.1.
After aligning the head positions, oropharyngeal airway was segmented using the airway module
of InVivo Dental 6.0 (Anatomage, San Jose, CA). Upper airway boundaries were selected
according to modified landmarks proposed by Gurgel et al. (2021). Summary of the landmarks
and airway boundaries are as follow:
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Oropharyngeal boundaries:
1) Superior border: A plane passing through the posterior nasal spine and parallel to the
true horizontal line.
2) Inferior border: A plane passing from the most inferior -anterior point on the third
cervical vertebrae (C3ia) parallel to the true horizontal line.
3) Anterior border: plane perpendicular to the true horizontal line passing through the
posterior nasal spine (PNS) and limited by soft palate and tongue.
4) Posterior and lateral borders: soft tissue of oropharyngeal airway.
The oropharyngeal airway was subdivided into the superior and inferior oropharyngeal airways to
measure and identify changes at different levels. The following description defines the superior
and inferior boundaries of each segment.
Superior oropharyngeal boundaries:
1) Superior border: A plane passing through the posterior nasal spine and parallel to the
true horizontal line.
2) Inferior border: A plane passing through the most inferior-anterior point of the
second cervical vertebra (C2ia) parallel to the true horizontal line.
Inferior oropharyngeal boundaries:
1) Superior border: A plane passing through the most inferior-anterior point of the
second cervical vertebra (C2ia) parallel to the true horizontal line.
2) Inferior border: A plane passing from the most inferior-anterior point of the third
cervical vertebrae (C3ia) parallel to the true horizontal line.
Posterior and lateral borders are identical to the oropharyngeal airway landmarks.
Figures 4.2.1-4.2.3 illustrate the boundaries for total, superior, and inferior oropharyngeal airways
with respective segmented pharyngeal space.
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Total oropharyngeal (OP) airway, superior OP airway and inferior OP airway were
segmented separately using the airway module of InVivo Dental 6.0 ( Anatomague, San Jose,
Ca). Airway segmentation threshold values were adjusted to eliminate imaging artifacts and were
held constant at about -1000 at the lower limit and -600 at the upper limit at the scale of relative
Hounsfield Units. The airway volume was calculated in milliliter (ml), and the airway's minimum
cross-sectional (MCA) was calculated in square millimeters for each of the three regions using
the airway function of InVivo dental 6.0 software (Anatomage, San Jose, CA). Additionally,
antero-posterior (AP) and mediolateral (RL) dimensions were measured at the MCA of each
segment in millimeters. All data were inserted into Microsoft Excel (2018).
After extensive training to work with the software and familiarizing with the anatomic
landmarks, each of the three examiners (EM, NK, YM) performed complete measurements on 10
randomly selected subjects. After about 10 days, each examiner completed the segmentation and
measurement on 1/3 of the subjects and transferred the data into Microsoft Excel (2018).
4.3 Superimposition of oropharyngeal airways
For the purpose of superimposition of the upper airways from two treatment points (T0:
before orthodontic treatment, and T1: after orthodontic treatment), ITK-SNAP 3.8.0
(http://www.itksnap.org) and 3D Slicer 4.1.1 4.4.1 (www. Slicer.org) software were used. Both
software are open source and funded by the NIH for craniofacial research.
All the segmentation, registration, and superimposition steps were done by the primary
investigator E.M.
First, the DICOM files were converted to NIfTI files using ITK-SNAP 3.8.0 open-source
software (http://www.itksnap.org) according to the method proposed by Cevidanes et al.
(Cevidanes et al. 2009). The 3D image superimposition followed these steps:
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1) Segmentation of the craniofacial bony structures was performed using
the 3D Slicer 4.1.1 software (www. Slicer.org) using the segment editor module of
the software. Gray level intensity from the CBCT images was used to fulfill active
contour methods in the automatic segmentation feature of the 3D Slicer 4.1.1. Then,
the segmentation files were transferred to ITK-SNAP 3.8.0 to make models and save
them in NIfTI format (Figure 4.3.1).
2) Segmented images saved in NIfTI file format were uploaded to 3D Slicer
to make the craniofacial surface models.
3) The transform tool in the 3D Slicer 4.1.1 was used to orient the T0
surface models. Each T0 surface model was moved by orienting its Frankfort
horizontal, midsagittal, and transporionic planes to match the axial, sagittal, and
coronal planes, respectively, at a standard coordinate system in the 3D Slicer
software (Figure 4.3.2). Each plane was defined by at least 3 landmarks or two
landmarks and a plane. The midsagittal plane was defined by glabella, crista galli,
and basion. The Frankfort horizontal plane was defined bilaterally by the right and
left porions and the right and left orbitales. The transporionic plane was defined
bilaterally by the porion landmarks and is perpendicular to the Frankfort horizontal
plane. 3D Slicer 4.1.1 uses a fixed coordinate system with different colors as
references to orient the 3D model. Midsagittal plane, Frankfort horizontal plane, and
transporionic plane of the surface models were oriented to coincide with the
respective 3D coordinate system planes. The matrix file contains the data regarding
each surface model's translational and rotational movement saved as a transform file
to be applied to T0 and T1 scans in the following steps.
4) The matrix files generated at the previous step were applied to T0 scan
and bony segmentation models to orient them to the reproducible coordinate system
in 3D Slicer.
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5) Post-treatment scans (T1) were uploaded to 3D Slicer 4.1.1 software.
Using the transform feature of the software, T1 scans were manually approximated to
the e oriented T0 scans (Figure 4.3.3).
6) Manually approximated segmentation images generated in the previous
step were uploaded to ITK-SNAP 3.8.0 to fabricate the cranial base segmentation of
T1 scans in the same way as described in step 1. This step was necessary to do
because ITK-SNAP 3.8.0 gives the opportunity to save the segmentation images in
NIfTI format which can be modified in the later stages (Figure 4.3.4).
7) Using the voxel-based registration feature of the 3D Slicer 4.1.1 through
the Craniofacial registration (CMF reg) module, manually approximated T1 scans
and cranial base surface models were registered to the oriented T0 scans and models
(Figure 4.3.5).
8) For the upper airway segmentation, the semi-automatic segmentation
feature (Snake feature) of ITK-SNAP 3.8.0 was used. After defining the area of
interest for the upper airway (upper airway boundaries were defined in the previous
section), the upper and lower grayscale thresholds were set for each scan based on the
scan's characteristics. Models of the upper airway from T0 and T1 scans were
transferred to 3D Slicer 4.1.1 for quantitative and descriptive analysis (Figure 4.3.6).
9) Upper airway segmentations made in ITK-SNAP 3.8.0 were transferred
to 3D Slicer 4.1.1 to make the models using the model maker feature of 3D Slicer
4.1.1. After the superimposition of the pre/post-treatment on each other, color map
images were fabricated using the shape analysis module of the 3D Slicer 4.1.1
(Figure 4.3.7). Color map images and superimposition pictures were saved in PNG
file format for further descriptive analysis.
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4.4 Comparison of Oropharyngeal volume by two techniques
Oropharyngeal airway volumetric measurements recorded using the 3D Slicer 4.1.1/ ITKSNAP 3.8.0 technique were compared to the measurements obtained by InVivo Dental 6.0
software.Upper airway volume measured in milliliter (ml) was transferred to Microsoft Excel
(2018) and assessed for intraclass coefficient correlation.
4.5 Statistical analysis
All data were entered into Microsoft Excel (2018). Statistical analysis was performed
using R statistical software (R Core Team 2020). For each of the 9 upper airway measurements, a
linear mixed model with lmer function in the lme package in R statistical software was used.
(Bates et al. 2014). Nine volumetric, cross-sectional, and linear measurements were obtained
(Oropharyngeal [OP] airway volume, superior OP volume, minimum cross-sectional area [MCA]
at superior OP, anteroposterior length [AP] at MCA at superior OP, mediolateral length [RL] at
MCA at superior OP, inferior OP volume, minimum cross-sectional area at inferior OP,
anteroposterior [AP] length at MCA at inferior OP, mediolateral length [RL] at MCA at inferior
OP). Means were calculated for both extraction and non-extraction patients at two-time points
(before: T0 and after the treatment: T1). The estimated means, standard error of the means, and
confidence interval (95% CI) were calculated for each measurement using the emmeans package
of R statistical software (Lenth et al. 2018).
Timepoint (T0/T1), extraction/non- extraction, biomechanics group, and their interactions
were included as fixed effects with rater accounting for the variations in rater's variability and
patient's code accounting for the patient's variability. The statistical significance level was set at
0.05 (alpha=0.05). P-values smaller than 0.05 were considered as a statistically significant result.
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4.5.1 Inter-rater reliability
Inter-examiner reliability was determined by measuring 10 randomly selected subjects
for the inter-examiner reliability test. Intra-class correlation coefficients (ICC) were calculated
using two-way mixed-effects models for each measurement, using the ICC function of irr
package (Gamer et al. 2017). The same statistical analysis was performed to assess the reliability
of volumetric measurements done by 3D Slicer 4.1.1/ ITK-SNAP 3.8.0 and airway module of
InVivo Dental 6.0.
It is suggested that ICC values less than 0.5 indicate poor reliability, values between 0.5
and 0.75 indicate moderate reliability, values between 0.75 and 0.9 indicate good reliability, and
values greater than 0.90 indicate excellent reliability.
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Table 4.2. 1 Anatomical landmarks used and their definitions.

Landmark

Symbol

Definition

Anterior nasal spine

ANS

The most anterior point of the maxilla

Posterior nasal spine

PNS

The most posterior point on the palatal bone

Porion

Po

The most superior and lateral point of the
external auditory meatus

Orbitale

Or

The most inferior point along the inferior
margin of the orbital rim

Sella

S

The midpoint of the cavity of the Sella
turcica in all three planes

Basion

Ba

The most inferior and posterior point at the
anterior margin of foramen magnum

Nasion

N

The midpoint of the frontonasal suture

Cristal Galli

CG

The thick, triangular process projecting
upward from the cribriform plate of the
ethmoid bone.

Second Cervical
vertebra

C2ia

The most inferior anterior point on the
second cervical vertebra

Third cervical
vertebra

C3ia

The most inferior anterior point on the third
cervical vertebra.
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Figure 4.2. 1 Oropharynx, superior oropharynx, and inferior oropharynx with respective landmarks. Total airway volume, minimum
cross-sectional area, and linear measurements calculated by the software are depicted.
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Figure 4.2. 2 Superior oropharynx with respective landmarks. Airway volume, minimum cross-sectional area, and linear
measurements calculated by the software are depicted.
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Figure 4.2. 3 Inferior oropharynx with respective landmarks. Airway volume, minimum cross-sectional area, and linear measurements
calculated by the software are depicted.
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Figure 4.3. 1 Segmentation of the CBCT imaging of the head and neck area for a patient
at T0 time using ITK-SNAP 3.8.0.
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Figure 4.3. 2 Head orientation in a) sagittal, b) axial, and c) coronal planes using the transform and multiplane orientation tool in 3D
Slicer 4.1.1.
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Figure 4.3. 3 Manual approximation of CBCT scans from T1 to T0 using the transform module of 3D Slicer 4.1.1.
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Figure 4.3. 4 Segmentation of cranial base (T1) scan using ITK-SNAP 3.8.0.
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Figure 4.3. 5 Registration of T1 CBCT scan, and T1 cranial base segmentation on the oriented T0 scan and T0 bony segmentation.
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Figure 4.3. 6 Segmentation of oropharynx scans using snake feature of ITK-SNAP 3.8.0. a) semiautomatic segmentation with variable
threshold setting. b) Segmented upper airway and illustration in axial, coronal, and sagittal views.
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Figure 4.3. 7 Color map picture generated using shape population viewer option of shape analysis module to compare morphologic
changes in 3D Slicer 4.1.1.
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CHAPTER 5. RESULTS
5.1 Subjects Demographic
After screening the orthodontic records of 215 consecutively treated patients, from June
1, 2016, to August 8, 2018, who were treated in a private orthodontic office, records of 41
patients who met the inclusion criteria were selected. The record of one patient was removed due
to the poor quality of the radiographic images. Among the patients selected to include in this
study, 20 patients received orthodontic treatment without tooth extraction, and 20 patients
received orthodontic treatment with tooth extraction. The average age for the extraction group
was 24.9 (± 6.45) years old (range:18.5-38.33 years), and the mean age of the non-extraction
group was 26.2 (± 9.3) years old (range:16-42.58 years). Table 5.1.1 and Figure 5.1.1 summarize
patient demographics. In the extraction group, 65% (n=13) were female, and 35% (n=7) subjects
were male. In the non-extraction group,75% (n= 15) patients were female, and 25% (n=5)
patients were male. Figure 5.1.2 illustrates the sex distribution between the two groups. The
average treatment duration for the extraction group was 23.6 months and 21.2 months for the
non-extraction group. Figure 5.1.3 summarizes the treatment time for both extraction and nonextraction groups. In the extraction group, 25% of the patients (n=5) were presented with
bimaxillary dentoalveolar protrusion, and 75% (n=15) of the patients, teeth were extracted to
resolve the crowding.
Pearson's Chi-squared test with Yates' continuity correction did not show any
statistically significant difference in the sex distribution in two groups (X-squared = 0.19699, df =
1, p-value = 0.6572). Welch Two Sample t-test was used to compare the average age of the
patients at the beginning of the treatment and the treatment duration between study groups. The
average age of the patients at the beginning of the treatment was similar in both groups (t = 0.51848, df = 36.187, p-value = 0.6073, CI: -6.223451-3.688927) (Table 5.1.2).
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There was no statistically significant difference in the treatment duration between both groups (t
= 1.4116, df = 25.925, p-value = 0.17 CI: -1.165892- 6.275416) (Table 5.1.3).
5.2 Total Oropharyngeal (OP) airway volume
Subjects in the extraction group were subclassified based on the anchorage type. Patients
who received extraction due to crowding were considered as the "minimum anchorage" group
and labeled as biomechanics 1. Subjects were treated for dentoalveolar protrusion were
considered as the "maximum anchorage" group and labeled as biomechanics 2. All measurements
were done at two time points; Before the treatment or (T0) and after the treatment or (T1). At T0,
the estimated mean value for the upper airway volumes was 12.8 (±1.26) ml, 15.8 (±1.54 ) ml,
and 14.68 (±2.57) ml for the non-extraction, extraction/ biomechanics 1, and extraction
biomechanics 2, respectively. At T1, the values were 12.77 (±1.28) ml, 14.16 (±1.54) ml, and
12.06 (±2.57) ml for the non-extraction, extraction/ biomechanics 1, and extraction/ biomechanics
2, respectively. Table 5.2.1, and Figure 5.2.1 summarize the oropharyngeal volume measurements
at T0, and T1 for all three groups. There was no statistical difference in the mean oropharyngeal
volume between the extraction group and the non-extraction group at two time points (T0-T1)
(Table 5.2.2).
The estimated mean volume of the oropharynx in the extraction group was reduced by
2.131 ml. The amount of reduction was smaller in the non-extraction group 0.104 ml. Paired Ttest did not show a statistically significant difference between the volumes measured at T1 and T0
in both extraction and non-extraction groups (P-values:0.061, 0.917, respectively). Although the
reduction in the mean total oropharyngeal volume was larger in the extraction group compared to
the non-extraction group, this difference was not statistically significant (df: 31.873 t ratio: -1.373
P-value: 0.179). Tables 5.2.3, 5.2.4, and Figure 5.2.2 summarize and illustrate the changes in the
mean values of oropharynx volume. In the extraction group, although mean upper airway volume
was reduced to a greater degree in the maximum anchorage group, the difference was not
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statistically significant between the two biomechanics modalities (Biomechanics 1 vs. 2). (t =
0.42; df = 15.21; P = 0.684) (Table 5.2.5).
5.3 Superior oropharyngeal (OP) volume
At T0, the mean superior oropharyngeal volumes were 9.3 (±0.93) ml, 10.9 (±1.10) ml,
and 10.7 (±1.92) ml for the non-extraction, extraction/ biomechanics 1, and extraction
biomechanics 2, respectively. At T1, the superior OP volume was decreased in the both extraction
groups; 10.26 (±1.1) ml, and 9.08 (±1.92) ml for the biomechanics 1 and 2, respectively. The
mean volume was increased slightly in the non-extraction group 9.55 (±0.93) ml. Table 5.3.1, and
Figure 5.3.1 show the summary of the measurements for the three groups. The changes of mean
superior upper airway volume measurements between the extraction group and non-extraction
groups at both time points were not statistically significant (P-value>0.05) (Table 5.3.2).
The mean volume of the superior oropharyngeal airway in the extraction group was
reduced by 1.137 (±0.79) ml. However, there was a small increase in the mean volume in the
non-extraction group 0.250 (±0.68) ml. Paired T-test demonstrated that the volume difference
between extraction and non-extraction groups at both time points was not statistically significant
(P-values=0.157, 0.716, respectively). The changes of mean superior oropharyngeal airway
volume between the extraction group and non-extraction group were not statistically significant (t
ratio=1.33; df= 37; P-value= 0.191) (Tables 5.3.3, 5.3.4, and Figure 5.3.2).
Changes in the superior oropharyngeal airway volume from T0 to T1 in both extraction groups
were not statistically significant (Table 5.3.5).

5.4 Minimum cross-sectional area (MCA) at the superior upper airway
MCA area of the superior oropharyngeal airway was calculated automatically by InVivo
Dental 6.0 (Anatomage, San Jose, CA). Before the treatment, minimum cross-sectional area was
148.60 (±19.63) mm2, 182.08 (±22.76) mm2, and 178.14 (±38.51) mm2 for the non-extraction,
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extraction/ biomechanics 1, and extraction/ biomechanics 2, respectively. After the treatment, the
Minimum cross-sectional area was152.04 (±19.63) mm2, 165.23 (±22.76) mm2, and 140.94
(±38.51) mm2 for the non-extraction, extraction/ Biomechanics 1, and extraction Biomechanics 2,
respectively. Table 5.4.1, and Figure 5.4.1 summarize and illustrate the MCA measurements at
the superior oropharyngeal region for all three groups. The change in the MCA values of the
superior oropharynx in the extraction group and the non-extraction group at both time points (T0T1) was not statistically significant (Table 5.4.2).
Mean MCA was reduced in the extraction group and increased slightly in the nonextraction group. MCA decreased by 27.02 (±16.79) mm2 in the extraction group and enlarged by
3.43 (±14.54) mm2 in the non-extraction group. There was no statistically significant difference
between the MCA values measured at T1 and T0 in both extraction and non-extraction groups (Pvalues=0.116, 0.815, respectively). Tukey test failed to show any statistically significant
difference between the changes in the MCA in the superior upper airway between both treatment
groups (t ratio=1.371; df=37; P-value= 0.179) (Tables 5.4.3, 5.4.4, and Figure 5.4.2).
In the extraction group, the maximum anchorage group showed a more considerable
reduction in the MCA. However, the difference between the two anchorage modalities was not
statistically significant (Table 5.4.5).

5.5 Anteroposterior (AP) and mediolateral (RL) measurements at MCA
Anteroposterior and mediolateral dimensions of MCA at the superior upper airway region
were calculated automatically by the software. Each measurement was repeated manually to
confirm the calculated measurements.
Tables 5.5.1, 5.5.2, and Figures 5.5.1, 5.5.2 summarize the AP and RL measurements at MCA in
the superior airway area at T0 and T1 time points. There was no statistically significant difference
between AP and RL measurements at MCA between the extraction and non-extraction groups (P-
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value >0.05). Table 5.5.3 and 5.5.4 show the comparison between the measurements in at groups
at two different time points.
AP measurements showed a mean reduction of 0.919 (±0.561) mm and 0.376 (±0.48)
mm in the extraction and non-extraction groups, respectively. Paired T-test did not demonstrate
any statistically significant difference between the AP values measured at T1 vs. T0 in extraction
and non-extraction groups (P-values =0.110; 0.44, respectively). A comparison of mean AP
changes in the extraction group and non-extraction group at both time points failed to show any
statistically significant difference (t ratio=0.731; df= 37; P-value= 0.469) (Tables 5.5.5, 5.5.7, and
Figure 5.5.3).
RL measurements at MCA in the superior oropharynx were reduced by 0.46 (±1.54) mm
in the extraction group and increased by 0.38 (±1.33) mm in the non-extraction group. Data
analysis failed to show any statistically significant difference between T1 values vs. T0 in the
extraction and non-extraction groups (P- values =0.767; 0.774, respectively). Tukey test did show
any statistically significant difference in the RL value changes in the extraction group vs. nonextraction at two time points (t ratio=0.415; df= 37; P-value= 0.68). Tables 5.5.6, 5.5.8, and
Figure 5.5.4 summarize and illustrate the comparisons.
When considering the two anchorage modalities, AP and RL value changes were not
statistically significant (P-value=0.913;0.863, respectively) (Table 5.5.9, 5.5.10).

5.6 Inferior oropharyngeal volume (IOV)
At T0, the estimated mean values for the inferior OP airway volumes were 3.4 (±04) ml,
3.83 (±0.49) ml, and 3.99 (±0.78) ml for the non-extraction, extraction/ biomechanics 1, and
extraction /biomechanics 2, respectively. At T1, IOV for the extraction group biomechanics 1 and
biomechanics 2 were 3.65 (±0.49) ml and 3.01 (±0.78) ml, respectively. The mean value
increased slightly in the non-extraction group (3.65±0.42ml). Table 5.6.1, and Figure 5.6.1 show
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the summary of the IOV measurements for the three groups. Statistical analysis did not show any
statistically significant difference in the mean inferior oropharyngeal airway volume
measurements in the extraction group and non-extraction group at both time points (Pvalue>0.05) (Table 5.6.2).
The estimated mean volume of the inferior oropharynx in the extraction group was
reduced by 0.582 (±0.37) ml. However, there was a small increase in the same volume in the nonextraction group 0.250 (±0.33) ml. Paired T-test did not show any statistically significant
difference between the values measured at T1 vs. T0 in extraction and non-extraction groups (Pvalues=0.116, 0.815, respectively). The difference between the mean inferior upper airway
volume changes in the extraction group vs. the non-extraction group was analyzed using Tukey
test. The results did not suggest any statistically significant difference (t ratio=1.371; df= 37; Pvalue= 0.179) (Tables 5.6.3, 5.6.4, and Figure 5.6.2).
Although mean inferior oropharyngeal volume was reduced to a greater degree in the
maximum anchorage group, the difference between the two treatment modalities was not
statistically significant (biomechanics 1 vs. 2) (t ratio = 1.04; df = 15.26; p = 0.315) (Table 5.6.5).

5.7 Minimum cross-sectional area at the inferior oropharynx
At T0, minimum cross-sectional area measurements were 169.1 (±22.66) mm2, 162
(±26.74) mm2, and 193.21 (±41.91) mm2 for the non-extraction, extraction/ biomechanics 1, and
extraction/ biomechanics 2, respectively. Minimum cross-sectional area measurements have
changed during the treatment. Estimated MCA values are 187.47 (±23.02) mm2, 177.43 (±26.74)
mm2, and 154.87 (±41.91) mm2 for the non-extraction, extraction/ biomechanics 1, and extraction
biomechanics 2, respectively. Table 5.7.1, and Figure 5.7.1 summarize and illustrate the MCA
measurements at the inferior oropharyngeal airway region for all three groups. Paired T-test did
not show any statistically significant difference in the mean MCA values of inferior oropharynx
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in the extraction group and non-extraction group at two time points (P-value=0.78;0.49,
respectively) (Table 5.7.2).
Similar to MCA values at superior upper airway, the MCAs were reduced in the
extraction group and increased slightly in the non-extraction group. MCA was decreased by 11.50
(±22.43) mm2 in the extraction group and enlarged by 18.37 (±20.20) mm2 in the non-extraction
group. There was no statistically significant difference between the MCA values measured at T1
and T0 in both extraction and non-extraction groups (P-values=0.612; 0.370, respectively). Tukey
test failed to show any statistically significant difference between the changes in the MCA values
in the inferior oropharynx between the two groups (t ratio=0.989; df=32.4; P-value= 0.33)
(Tables 5.7.3, 5.7.4, and Figure 5.7.2).
In the extraction group, although the maximum anchorage group showed a reduction in
the MCA and the minimum anchorage group showed a slight increase, the difference between the
two anchorage modalities was not statistically significant (P-value=0.2) (Table 5.7.5).
5.8 Anteroposterior (AP) and Mediolateral (RL) measurements at MCA in the inferior OP
Similar to AP/ RL measurements in the superior oropharyngeal region, measurements in
the inferior region were calculated automatically by the InVivo Dental 6.0 software (Anatomage,
San Jose, CA). Each measurement was repeated manually to confirm the calculated measurement.
Tables 5.8.1, 5.8.2, and Figures 5.8.1, 5.8.2 summarize and illustrate MCA's AP and RL
measurements in the inferior oropharynx at T0 and T1 time points. T-test did not show any
statistically significant difference between AP and RL measurements at MCA between the
extraction and non-extraction groups (P-value >0.05). Tables 5.8.3 and 5.8.4 demonstrate the
comparison between the measurements in both groups at two different time points.
AP dimension showed a mean increase of 0.892 (±0.917) mm and 0.826 (±0.773) mm in
the extraction and non-extraction groups, respectively. Paired T-test did not show any statistically
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significant difference between the AP values measured at T1 and T0 in both extraction and nonextraction groups (P-values=0.338; 0.293, respectively). Comparison of AP dimensional changes
in the extraction group and non-extraction group at both time points failed to show any
statistically significant difference (t ratio=0.056; df= 33.01; P-value= 0.956) (Tables 5.8.5, 5.8.7,
and Figure 5.8.3).
RL dimension at MCA in the inferior upper airway was increased by 0.06 (±1.56) mm in
the extraction group and 0.33 (±1.33) mm in the non-extraction group. Data analysis failed to
show any statistically significant difference between T1 and T0 values in the extraction and nonextraction groups (P- values =0.97; 0.802, respectively). Tukey test did show any statistically
significant difference in the RL value changes in the extraction group and non-extraction at both
time points (t ratio=0.134; df= 31.57; P-value= 0.89). Tables 5.8.6, 5.8.8, and Figure 5.8.4
summarize and illustrate the comparisons.
When considering the two anchorage modalities, AP and RL dimensional changes were not
statistically significant (P-value=0.655; 0.55, respectively) (Table 5.8.9, 5.8.10).
5.9 Validity of two measurement techniques
For the superimposition of upper airway models, segmentation of the upper airway was
performed using ITK-SNAP 3.8.0 (http://www.itksnap.org) as described in the Method and
material section. Segmented upper airways, then were uploaded to 3D Slicer 4.1.1 (www.
Slicer.org) for superimpositions. Upper airway volumes measured in 3D Slicer 4.1.1 (www.
Slicer.org) were compared to InVivo Dental 6 (Anatomage, San Jose, CA). Intraclass correlation
coefficients (ICC) was 0.92 overall (Table 5.9.1). ICC values were over 0.90 for all groups except
for Non-Extraction (Non-Ext) at T1 time point that was 0.76. ICC values break down for different
groups are summarized in Table 5.9.2, and Figure 5.9.1. It is suggested that ICC values less than
0.5 indicate poor reliability, values between 0.5 and 0.75 indicate moderate reliability, values
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between 0.75 and 0.9 indicate good reliability, and values greater than 0.90 indicate excellent
reliability.
5.10 Inter-rater reliability
Intraclass correlation coefficients (ICC) values were assessed for various measurements
among the three examiners. ICC values were more than 0.9 for all measurements. Values over 0.9
indicate strong inter-rater reliability (Table 5.10.1)

5.11 Superimposition
Superimposed pre-and-post CBCT images of the patients who received orthodontic
treatment with and without tooth extraction were evaluated. Superimposed images were
compared to color map images to assess the morphological changes.
Overall, there was not a consistent pattern showing the changes observed in the airway
morphology in both extraction and non-extraction groups. In the color map images, green color
indicates “outward movement” for more than 1 mm; and red demonstrates “inward movement”
by more than 1 mm.
In the extraction group, 30% (n=6) of the patients who received treatment showed an
inward movement of more than 1mm in the anterior surface of the upper airway (Figures 5.11.15.11.6). 20% (n=5) demonstrated translocation of the upper airway posteriorly. Additionally,
inward movement of the upper airway by more than 1 mm is evident at the anterior surface
(Figures 5.11.7-5.11.10). In one of the patients in this group, inferior upper airway moved
backward while the superior upper airway kept its position. Interestingly, in 40% (n=6) of
subjects in the extraction group, the upper airway has either moved outward by for more than 1
mm anteriorly or was transpositioned forward (Figures 5.11.11-5.11.18). In 10% of the extraction
group (n=2), the upper airway was reduced by more than 1 mm in all directions (Figures 5.11.19;
5.11.20).
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In the non-extraction group, 15% (n=3) demonstrated outward movement by more than
1mm in all directions (Figures 5.11.21-5.11.23). 25% (n=5) showed outward movement by more
than1mm in the superior aspect of the anterior surface of the upper airway while the inferior
anterior surface demonstrated evidence of inward movement (Figure 5.11.24-5.11.28). In 20%
(n=4) of the patients, the airway remained stationary with evidence of lateral outward movement
(Figure 5.11.30-5.11.32) Interestingly, 20% (n=4) showed indications of inward movement in all
directions by more than 1 mm (Figure 5.11.34-5.11.36). 10% of the patients (n=2) demonstrated
outward movement by more than 1mm in the middle and inferior aspects of the anterior surface
of upper airway (Figure 5.11.37, 5.11.38). Posterior airway translocation with lateral outward
movement was observed in 10% (n=2) of the patients (Figure 5.11.39, 5.11.40)
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Table 5.1. 1 Mean age and range of subjects at the beginning of the treatment (T0) in
both treatment samples.
Mean ± SD

Minimum

Maximum

(Year)

(Year)

(Year)

Ext

24.9 ± 6.45

18.5

38.33

Non-Ext

26.2 ± 9.3

16

42.58

Treatment Type

SD: Standard Deviation

Figure 5.1. 1 Box plot showing the subjects age at the beginning of the treatment for
Extraction (EXT) and Non-Extraction (Non-Ext).
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Figure 5.1. 2 Distribution of sex in Extraction (EXT) and Non-Extraction (Non-Ext)
groups.

Table 5.1. 2 Treatment duration (in months) in Extraction (EXT) and Non-Extraction
(Non-Ext) groups.
Mean ± SD

Minimum

Maximum

(Month)

(Month)

(Month)

EXT

23.6 ± 2.94

18

28

Non-Ext

21.2 ± 7.9

12

47

Treatment Type
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Figure 5.1. 3 Treatment duration (in months) in Extraction (EXT) and Non-Extraction
(Non-Ext).
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Table 5.2. 1 Volume of the oropharynx at T0 and T1 time points for the Extraction, NonExtraction/biomechanics 1, and Extraction/Biomechanics 2 groups.

Treatment Modality

Non-Extraction

Extraction/Biomechanics 1

Extraction/Biomechanics 2

Time
point

Mean
(ml)

Standard
Error

95 % Confidence
Interval
df

(ml)

Lower
bound

Upper
bound

(ml)

(ml)

T0

12.87

1.26

9.04

10.02

15.72

T1

12.77

1.28

9.54

9.91

15.63

T0

15.8

1.54

15.28

12.52

19.08

T1

14.16

1.54

15.28

10.88

17.44

T0

14.68

2.57

36.08

9.47

19.89

T1

12.06

2.57

36.08

6.85

17.27

Figure 5.2. 1 Box plot showing oropharynx volume at T0 and T1 time points for the
Non- Extraction (Non-Ext), Extraction /biomechanics 1(EXT-1), and
Extraction/Biomechanics 2 (EXT-2) groups.
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Table 5.2. 2 Comparison of mean oropharyngeal volume of Extraction (EXT) and NonExtraction (Non-Ext) groups at both time points.

Treatment contrast

Mean

Standard Error

(ml)

(ml)

T0

2.370

T1

0.343

Time point

df

P-value

1.929

44.793

0.226

1.938

45.359

0.860

EXT- (Non-Ext)

Table 5.2. 3 Comparison of mean oropharyngeal volume of two time points (T1-T0)
between different treatment modalities; Extraction (EXT) and Non-Extraction (Non-Ext).

Time point contrast
T1-T0

Mean

Standard Error

(ml)

(ml)

EXT

-2.131

Non-Ext

-0.104

Treatment modality

df

P-value

1.095

31.447

0.061

0.991

32.402

0.917

Table 5.2. 4 Comparison of oropharynx volume changes in Extraction group (EXT) and
Non-Extraction (Non-Ext) groups.

Time point
contrast
T1-T0

Treatment modality
contrast
EXT- (Non-Ext)

Mean

Standard Error

(ml)

(ml)

-2.027

1.477

df

P-value

31.873

0.179
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Figure 5.2. 2 Volumes of oropharynx in Non-Extraction (Non-Ext), Extraction/
Biomechanics 1 (EXT-1), and Extraction/Biomechanics 2 (EXT-2) groups (at both time
points).

Table 5.2. 5 Comparison of oropharyngeal airway volume changes between both
biomechanics modalities; Extraction/ Bimechanics1 (EXT-1) and Extraction/
Biomechanics 2 (EXT-2).

Time point
contrast

Biomechanics
modality contrast

Mean

T1-T0

(EXT-1) - (EXT-2)

0.982

(ml)

Standard
Error

df

P-value

15.214

0.684

(ml)
2.365
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Table 5.3. 1 Superior oropharyngeal volume at T0 and T1 time points for the Extraction,
Non-Extraction/biomechanics 1, and Extraction/Biomechanics 2 groups.

Treatment Modality

Non-Extraction

Extraction/Biomechanics 1

Extraction/Biomechanics 2

Time
point

Mean
(ml)

Standard
Error

95 % Confidence
Interval
df

(ml)

Lower
bound

Upper
bound

(ml)

(ml)

T0

9.3

0.93

9.36

7.21

11.39

T1

9.55

0.93

9.36

7.46

11.64

T0

10.90

1.1

13.59

8.54

13.26

T1

10.26

1.1

13.59

7.88

12.61

T0

10.70

1.92

38.28

6.82

14.58

T1

9.08

1.92

38.28

5.2

12.96

Figure 5.3. 1 Box plot showing superior oropharynx volume at T0 and T1 time points for
the Extraction, Non- Extraction/biomechanics 1, and Extraction/Biomechanics 2 groups.
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Table 5.3. 2 Comparison of mean superior oropharynx volume of Extraction (EXT) and
Non-Extraction (Non-Ext) groups at both time points (T0 and T1).

Treatment contrast

Mean

Standard Error

(ml)

(ml)

T0

1.500

T1

0.113

Time point

df

P-value

1.420

46.023

0.296

1.420

46.023

0.937

EXT- (Non-Ext)

Table 5.3. 3 Comparison of mean superior oropharyngeal volume of two time points (T1T0) between different treatment modalities; Extraction (EXT) and Non-Extraction (NonExt).

Time point contrast
T1-T0

Mean

Standard Error

(ml)

(ml)

EXT

-1.137

Non-Ext

0.250

Treatment modality

df

P-value

0.786

37

0.157

0.681

37

0.716

Table 5.3. 4 Comparison of mean oropharyngeal volume changes between Extraction
group (EXT) and Non-Extraction (Non-Ext) groups.

Time point
contrast
T1-T0

Treatment modality
contrast
EXT- (Non-Ext)

Mean

Standard Error

(ml)

(ml)

-1.387

1.04

df

P-value

37

0.191
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Figure 5.3. 2 Superior oropharynx volumes at both time points (T0 and T1) in NonExtraction (Non-Ext), Extraction/ Biomechanics 1 (EXT-1), and
Extraction/Biomechanics 2 (EXT-2) groups.

Table 5.3. 5 Comparison of mean superior upper airway volume changes between two
biomechanics modalities; Extraction/ Bimechanics1 (EXT-1) and Extraction/
Biomechanics 2 (EXT-2).

Time point
contrast

Biomechanics
modality contrast

Mean

T1-T0

(EXT-1) - (EXT-2)

0.967

(ml)

Standard
Error

df

P-value

18

0.563

(ml)
1.64
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Table 5.4. 1 Minimum cross-sectional area values at superior oropharynx region at T0
and T1 time points for the Extraction, Non- Extraction/biomechanics 1, and
Extraction/Biomechanics 2 groups.

Treatment Modality

Non-Extraction

Extraction/Biomechanics 1

Extraction/Biomechanics 2

Time
point

Mean
(mm2)

Standard
Error

Confidence Interval
df

2

(mm )

Lower
bound

Upper
bound

(mm2)

(mm2)

T0

148.60

19.63

7.55

102.85

194.35

T1

152.04

19.63

7.55

106.29

197.79

T0

182.08

22.76

11.20

132.10

232.07

T1

165.23

22.76

11.20

115.24

215.21

T0

178.14

38.51

36.36

100.07

256.20

T1

140.94

38.51

36.36

62.87

219.00

Figure 5.4. 1 Box plot showing minimum cross-sectional area (MCA) at superior
oropharynx at T0 and T1 time points for the Extraction, Non- Extraction/biomechanics 1,
and Extraction/Biomechanics 2 groups.
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Table 5.4. 2 Comparison of mean minimum cross-sectional area (MCA) values at
superior oropharynx between Extraction (EXT) and Non-Extraction (Non-Ext) groups at
both time points.

Treatment contrast

Mean

Standard Error

(mm2)

(mm2)

T0

31.606

T1

1.045

Time point

df

P-value

28.134

47.88

0.268

28.134

47.88

0.971

EXT- (Non-Ext)

Table 5.4. 3 Comparison of mean minimum cross-sectional area (MCA) values of both
time points (T1-T0) at superior oropharynx between different treatment modalities
;Extraction (EXT) and Non-Extraction Non-Ext.

Time point contrast

T1-T0

Mean

Standard Error

(mm2)

(mm2)

EXT

27.027

Non-Ext

3.435

Treatment modality

df

P-value

16.792

37

0.116

14.542

37

0.815

Table 5.4. 4 Comparison of mean minimum cross-sectional area (MCA) changes at
superior oropharynx between Extraction (EXT) and Non-Extraction (Non-Ext) groups.

Time point
contrast
T1-T0

Treatment modality
contrast
EXT- (Non-Ext)

Mean

Standard Error

(mm2)

(mm2)

-30.462

22.213

df

P-value

37

0.179
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Figure 5.4. 2 MCA values at superior oropharyngeal airway at both time points (T0 and
T1) in Non-Extraction (Non-Ext), Extraction/ Biomechanics 1 (EXT-1), and
Extraction/Biomechanics 2 (EXT-2) groups.

Table 5.4. 5 Comparison of mean minimum cross-sectional area (MCA) changes at the
superior oropharyngeal airway between two biomechanics modalities; Extraction/
Bimechanics1 (EXT-1) and Extraction/ Biomechanics 2 (EXT-2).

Mean

Time point
contrast

Biomechanics
modality contrast

(mm2)

T1-T0

(EXT-1) - (EXT-2)

20.347

Standard
Error

df

P-value

18

0.574

2

(mm )
35.558
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Table 5.5. 1 Mean Anteroposterior (AP) dimensions at minimum cross-sectional area
(MCA) in the superior oropharyngeal airway region at T0 and T1 time points for the
Extraction, Non- Extraction/biomechanics 1, and Extraction/Biomechanics 2 groups.

Treatment Modality

Non-Extraction

Extraction/Biomechanics 1

Extraction/Biomechanics 2

Time
point

Mean
(mm)

Standard
Error

95 % Confidence
Interval
df

(mm)

Lower
bound

Upper
bound

(mm)

(mm)

T0

8.73

0.67

9.28

7.22

10.25

T1

8.36

0.67

9.28

6.84

9.88

T0

8.78

0.80

13.47

7.06

10.49

T1

7.92

0.80

13.47

6.21

9.63

T0

8.05

1.39

37.97

5.24

10.87

T1

7.07

1.39

37.97

4.26

9.89
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Table 5.5. 2 Mean Mediolateral (RL) dimensions at minimum cross-sectional area
(MCA) in the superior oropharyngeal airway region at T0 and T1 time points for the
Extraction, Non- Extraction/biomechanics 1, and Extraction/Biomechanics 2 groups.

Treatment Modality

Non-Extraction

Extraction/Biomechanics 1

Extraction/Biomechanics 2

Time
point

Mean
(mm)

Standard
Error

95 % Confidence
Interval
df

(mm)

Lower
bound

Upper
bound

(mm)

(mm)

T0

19.52

2.04

4.40

14.06

24.98

T1

19.91

2.04

4.40

14.45

25.37

T0

22.56

2.25

6.14

17.09

28.02

T1

22.31

2.25

6.14

16.84

27.78

T0

21.84

3.41

23.24

14.78

28.90

T1

21.17

3.41

23.24

14.11

28.22
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Figure 5.5. 1 Box plot showing anteroposterior (AP) values at minimum cross-sectional
area (MCA) in superior oropharynx region at T0 and T1 time points for the Extraction,
Non- Extraction/biomechanics 1, and Extraction/Biomechanics 2 groups.

Figure 5.5. 2 Box plot showing Mediolateral (RL) values at minimum cross-sectional
area (MCA) in superior oropharynx region at T0 and T1 time points for the Extraction,
Non- Extraction/biomechanics 1, and Extraction/Biomechanics 2 groups.
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Table 5.5. 3 Comparison of mean anteroposterior (AP) values at minimum crosssectional area (MCA) in the superior oropharyngeal airway of Extraction (EXT) and
Non-Extraction (Non-Ext) groups at two time points.

Treatment contrast

Mean

Standard Error

(mm)

(mm)

T0

-0.320

T1

-0.863

Time point

df

P-value

1.029

45.666

0.758

1.029

45.666

0.406

EXT- (Non-Ext)

Table 5.5. 4 Comparison of mean mediolateral (RL) values at minimum cross-sectional
area (MCA) in the superior oropharyngeal airway between Extraction (EXT) and NonExtraction (Non-Ext) groups at both time points.

Treatment contrast

Mean

Standard Error

(mm)

(mm)

T0

2.676

T1

1.830

Time point

df

P-value

2.347

50.69

0.260

2.347

50.69

0.439

EXT- (Non-Ext)

Table 5.5. 5 Comparison of mean anteroposterior (AP) values at minimum crosssectional area (MCA) in the oropharyngeal airway region between both time points in
two different treatment modalities; Extraction (EXT) and Non-Extraction (Non-Ext)
groups.

Time point contrast
T1-T0

Mean

Standard Error

(mm)

(mm)

EXT

-0.919

Non-Ext

-0.376

Treatment modality

df

P-value

0.561

37

0.110

0.486

37

0.445
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Table 5.5. 6 Comparison of mean mediolateral (RL) values at minimum cross-sectional
area (MCA) in the superior oropharyngeal region between both time points in two
different treatment modalities; Extraction (EXT) and Non-Extraction (Non-Ext) .

Time point contrast
T1-T0

Mean

Standard Error

(mm)

(mm)

EXT

-0.460

Non-Ext

0.386

Treatment modality

df

P-value

1.539

37

0.767

1.333

37

0.774

Table 5.5. 7 Comparison of mean anteroposterior (AP) changes at minimum crosssectional area (MCA) in the superior oropharynx between Extraction (EXT) and NonExtraction (Non-Ext) groups.

Time point
contrast
T1-T0

Treatment modality
contrast
EXT- (Non-Ext)

Mean

Standard Error

(mm)

(mm)

-0.543

0.743

df

P-value

37

0.469

Table 5.5. 8 Comparison of mean mediolateral (RL) changes at minimum cross-sectional
area (MCA) in the superior oropharynx of Extraction group (EXT) and Non-Extraction
(Non-Ext) groups.

Time point
contrast
T1-T0

Treatment modality
contrast
EXT- (Non-Ext)

Mean

Standard Error

(mm)

(mm)

-0.846

2.036

df

P-value

37

0.68
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Figure 5.5. 3 Anteroposterior (AP) dimensions at minimum cross-sectional area (MCA)
in the superior oropharyngeal airway region at two time points in Non-Extraction (NonExt), Extraction/ Biomechanics 1 (EXT-1), and Extraction/Biomechanics 2 (EXT-2)
groups.

Figure 5.5. 4 Mediolateral (RL) dimensions at minimum cross-sectional area (MCA) in
the superior oropharyngeal airway region at two time points in Non-Extraction (NonExt), Extraction/ Biomechanics 1 (EXT-1), and Extraction/Biomechanics 2 (EXT-2)
groups.
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Table 5.5. 9 Comparison of mean anteroposterior (AP) changes at minimum crosssectional area (MCA) in the oropharynx between two biomechanics modalities;
Extraction/ Bimechanics1 (EXT-1) and Extraction/Biomechanics 2 (EXT-2).

Time point
contrast

Biomechanics
modality contrast

Mean

T1-T0

(EXT-1) - (EXT-2)

0.127

(mm)

Standard
Error

df

P-value

18

0.913

(mm)
1.138

Table 5.5. 10 Comparison of mean mediolateral (RL) changes at minimum crosssectional area (MCA) in the oropharynx between two biomechanics modalities;
Extraction/ Bimechanics1 (EXT-1) and Extraction/ Biomechanics 2 (EXT-2).

Time point
contrast

Biomechanics
modality contrast

Mean

T1-T0

(EXT-1) - (EXT-2)

0.425

(mm)

Standard
Error

df

P-value

18

0.863

(mm)
2.422
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Table 5.6. 1 Inferior oropharynx volume at T0 and T1 time points for the Extraction,
Non- Extraction/Biomechanics 1, and Extraction/Biomechanics 2 groups.

Treatment Modality

Non-Extraction

Extraction/Biomechanics 1

Extraction/Biomechanics 2

Time
point

Mean
(ml)

Standard
Error

95 % Confidence
Interval
df

(ml)

Lower
bound

Upper
bound

(ml)

(ml)

T0

3.40

0.41

6.71

2.41

4.39

T1

3.65

0.42

7.07

2.66

4.65

T0

3.83

0.49

11.38

2.76

4.91

T1

3.65

0.49

11.38

2.57

4.73

T0

3.99

0.78

33.04

2.41

5.57

T1

3.01

0.78

33.04

1.43

4.59

Figure 5.6. 1 Box plot showing inferior oropharynx volume at T0 and T1 time points for
the Extraction, Non- Extraction/biomechanics 1, and Extraction/Biomechanics 2 groups.
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Table 5.6. 2 Comparison of mean inferior oropharyngeal volume between Extraction
(EXT) and Non-Extraction (Non-Ext) groups at both time points.

Treatment contrast

Mean

Standard Error

(ml)

(ml)

T0

0.510

T1

-0.324

Time point

df

P-value

0.573

47.955

0.378

0.577

48.564

0.577

EXT- (Non-Ext)

Table 5.6. 3 Comparison of the mean inferior oropharyngeal volume of both time points
(T1-T0) between different treatment modalities Extraction (EXT) and Non-Extraction
(Non-Ext) groups).

Time point contrast
T1-T0

Mean

Standard Error

(ml)

(ml)

EXT

-0.582

Non-Ext

0.252

Treatment modality

df

P-value

0.371

31.589

0.127

0.335

32.778

0.456

Table 5.6. 4 Comparison of the mean inferior oropharyngeal volume changes between
Extraction (EXT) and Non-Extraction (Non-Ext) groups.

Time point
contrast
T1-T0

Treatment modality
contrast
EXT- (Non-Ext)

Mean

Standard Error

(ml)

(ml)

-0.834

0.499

df

P-value

32.117

0.105
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Figure 5.6. 2 Inferior oropharyngeal volume at both time points (T0 and T1) in NonExtraction (Non-Ext), Extraction/ Biomechanics 1 (EXT-1), and
Extraction/Biomechanics 2 (EXT-2) groups.

Table 5.6. 5 Comparison of mean inferior upper airway volume changes between both
biomechanics modalities; Extraction/ Bimechanics1 (EXT-1) and Extraction/
Biomechanics 2 (EXT-2).

Time point
contrast

Biomechanics
modality contrast

Mean

T1-T0

(EXT-1) - (EXT-2)

0.794

(ml)

Standard
Error

df

P-value

15.256

0.315

(ml)
0.764
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Table 5.7. 1 Minimum cross-sectional (MCA) values at inferior oropharynx at T0 and T1
time points for the Extraction, Non- Extraction/biomechanics 1, and
Extraction/Biomechanics 2 groups.

Treatment Modality

Non-Extraction

Extraction/Biomechanics 1

Extraction/Biomechanics 2

Time
point

Mean
(mm2)

Standard
Error

95 % Confidence
Interval
df

2

(mm )

Lower
bound

Upper
bound

(mm2)

(mm2)

T0

169.10

22.66

6.93

115.41

222.80

T1

187.47

23.02

7.36

133.58

241.37

T0

162.10

26.74

11.76

103.71

220.49

T1

177.43

26.74

11.76

119.04

235.82

T0

193.21

41.91

34.59

108.10

278.32

T1

154.87

41.91

34.59

69.76

239.98

Figure 5.7. 1 Box plot showing minimum cross-sectional area (MCA) values at inferior
oropharynx at T0 and T1 time points for the Extraction, Non- Extraction/biomechanics 1,
and Extraction/Biomechanics 2 groups.
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Table 5.7. 2 Comparison of mean minimum cross-sectional area (MCA) values at the
inferior oropharynx between Extraction (EXT) and Non-Extraction (Non-Ext) groups at
both time points.

Treatment contrast

Mean

Standard Error

(mm2)

(mm2)

T0

8.553

T1

-21.320

Time point

df

P-value

30.887

51.782

0.783

31.105

52.344

0.496

EXT- (Non-Ext)

Table 5.7. 3 Comparison of mean minimum cross-sectional area (MCA) values of two
time points (T1-T0) at the inferior oropharynx between different treatment modalities
;Extraction (EXT) and Non-Extraction (Non-Ext).

Time point contrast
T1-T0

Mean

Standard Error

Treatment
modality

(mm )

(mm2)

EXT

-11.504

Non-Ext

18.370

2

df

P-value

22.434

31.763

0.612

20.207

33.197

0.370

Table 5.7. 4 Comparison of mean minimum cross-sectional area (MCA) changes at the
inferior oropharyngeal airway between Extraction (EXT) and Non-Extraction (Non-Ext)
groups.

Time point
contrast
T1-T0

Treatment modality
contrast
EXT- (Non-Ext)

Mean

Standard Error

(mm2)

(mm2)

-29.873

30.193

df

P-value

32.396

0.33
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Figure 5.7. 2 Minimum cross-sectional area (MCA) value at inferior oropharynx at two
time points in Non-Extraction (Non-Ext), Extraction/ Biomechanics 1 (EXT-1), and
Extraction/Biomechanics 2 (EXT-2) groups.

Table 5.7. 5 Comparison of mean minimum cross-sectional area (MCA) changes at the
inferior oropharyngeal airway between two biomechanics modalities; Extraction/
Bimechanics1 (EXT-1) and Extraction/ Biomechanics 2 (EXT-2).

Time point
contrast
T1-T0

Mean

Standard Error

Biomechanics
modality contrast

(mm )

(mm2)

(EXT-1) - (EXT-2)

53.665

40.906

2

df

P-value

15.334

0.209
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Table 5.8. 1 Mean Anteroposterior (AP) dimensions at minimum cross-sectional area
(MCA) in the inferior oropharyngeal region at T0 and T1 time points for the Extraction,
Non- Extraction/biomechanics 1, and Extraction/Biomechanics 2 groups.

Treatment Modality

Non-Extraction

Extraction/Biomechanics 1

Extraction/Biomechanics 2

Time
point

Mean
(mm)

Standard
Error

95 % Confidence
Interval
df

(mm)

Lower
bound

Upper
bound

(mm)

(mm)

T0

8.34

0.76

8.20

6.61

10.08

T1

9.17

0.77

8.81

7.42

10.92

T0

7.48

0.90

14.03

5.56

9.40

T1

8.98

0.90

14.03

7.05

10.90

T0

7.83

1.41

39.28

4.98

10.68

T1

8.12

1.53

48.13

5.04

11.20
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Table 5.8. 2 Mean Mediolateral (RL) dimensions at minimum cross-sectional area
(MCA) in the inferior oropharyngeal region at T0 and T1 time points for the Extraction,
Non- Extraction/biomechanics 1, and Extraction/Biomechanics 2 groups.

Treatment Modality

Non-Extraction

Extraction/Biomechanics 1

Extraction/Biomechanics 2

Time
point

Mean
(mm)

Standard
Error

95 % Confidence
Interval
df

(mm)

Lower
bound

Upper
bound

(mm)

(mm)

T0

20.61

1.63

9.17

16.93

24.28

T1

20.94

1.65

9.69

17.25

25.64

T0

22.10

2.00

15.49

17.86

26.34

T1

23.03

15.49

18.78

27.27

T0

21.52

3.32

36.36

14.79

28.26

T1

20.72

3.49

43.99

13.68

27.76

2.00
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Figure 5.8. 1 Box plot showing anteroposterior (AP) values at minimum cross-sectional
area (MCA) in the inferior oropharyngeal region at T0 and T1 time points for the
Extraction, Non- Extraction/Biomechanics 1, and Extraction/Biomechanics 2 groups.

Figure 5.8. 2 Box plot showing mediolateral (RL) values at minimum cross-sectional
area (MCA) in the inferior oropharyngeal region at T0 and T1 time points for the
Extraction, Non- Extraction/Biomechanics 1, and Extraction/Biomechanics 2 groups.
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Table 5.8. 3 Comparison of mean anteroposterior (AP) values at minimum crosssectional area (MCA) in the inferior oropharynx between Extraction (EXT) and NonExtraction (Non-Ext) groups at both time points.

Treatment contrast

Mean

Standard Error

(mm)

(mm)

T0

-0.689

T1

-0.622

Time point

df

P-value

1.048

56.058

0.514

1.102

58.539

0.575

EXT- (Non-Ext)

Table 5.8. 4 Comparison of mean mediolateral (RL) values at minimum cross-sectional
area (MCA) in the inferior oropharyngeal airway between Extraction (EXT) and NonExtraction (Non-Ext) groups at both time points.

Treatment contrast

Mean

Standard Error

(mm)

(mm)

T0

1.206

T1

0.933

Time point

df

P-value

2.495

45.071

0.631

2.569

48.411

0.718

EXT- (Non-Ext)
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Table 5.8. 5 Comparison of mean anteroposterior (AP) values at minimum crosssectional area (MCA) of two time points (T1-T0) in the inferior oropharyngeal region
between two treatment modalities; Extraction (EXT) and Non-Extraction (Non-Ext).

Time point contrast
T1-T0

Mean

Standard Error

(mm)

(mm)

EXT

0.892

Non-Ext

0.826

Treatment modality

df

P-value

0.917

33.207

0.338

0.773

32.746

0.293

Table 5.8. 6 Comparison of mean mediolateral (RL) values at minimum cross-sectional
area (MCA) of two time points (T1-T0) in the inferior oropharyngeal region between two
different treatment modalities; Extraction (EXT) and Non-Extraction (Non-Ext).

Time point contrast
T1-T0

Mean

Standard Error

(mm)

(mm)

EXT

0.060

Non-Ext

0.333

Treatment modality

df

P-value

1.564

31.657

0.970

1.315

31.453

0.802
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Table 5.8. 7 Comparison of mean anteroposterior (AP) changes at minimum crosssectional area (MCA) in the inferior oropharynx between Extraction (EXT) and NonExtraction (Non-Ext) groups.

Time point
contrast

Treatment modality
contrast

Mean

Standard Error

(mm)

(mm)

T1-T0

EXT- (Non-Ext)

0.067

1.2

df

P-value

33.01

0.956

Table 5.8. 8 Comparison of mean mediolateral (RL) changes at minimum cross-sectional
area (MCA) in the inferior oropharyngeal between Extraction group (EXT) and NonExtraction (Non-Ext).

Time point
contrast

Treatment modality
contrast

Mean

Standard Error

(mm)

(mm)

T1-T0

EXT- (Non-Ext)

-0.273

2.044

df

P-value

31.572

0.894
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Figure 5.8. 3 Anteroposterior (AP) values at minimum cross-sectional area (MCA) in the
inferior oropharyngeal region at two time points in Non-Extraction (Non-Ext),
Extraction/ Biomechanics 1 (EXT-1), and Extraction/Biomechanics 2 (EXT-2) groups.

Figure 5.8. 4 Mediolateral (RL) values at minimum cross-sectional area (MCA) in the
inferior oropharyngeal region at two time points in Non-Extraction (Non-Ext),
Extraction/ Biomechanics 1 (EXT-1), and Extraction/Biomechanics 2 (EXT-2) groups.
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Table 5.8. 9 Comparison of mean anteroposterior (AP) changes at minimum crosssectional area MCA in the inferior oropharynx between both biomechanics modalities
;Extraction/ Bimechanics1 (EXT-1) and Extraction/ Biomechanics 2 (EXT-2).

Time point
contrast

Biomechanics
modality contrast

Mean

T1-T0

(EXT-1) - (EXT-2)

0.784

(mm)

Standard
Error

df

P-value

16.161

0.655

(mm)
1.724

Table 5.8. 10 Comparison of mean mediolateral (RL) changes at minimum crosssectional area (MCA) in the inferior oropharynx between two biomechanics modalities
;Extraction/ Bimechanics1 (EXT-1) and Extraction/ Biomechanics 2 (EXT-2).

Time point
contrast

Biomechanics
modality contrast

Mean

T1-T0

(EXT-1) - (EXT-2)

1.714

(mm)

Standard
Error

df

P-value

14.792

0.55

(mm)
2.802
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Table 5.9. 1 Overall intraclass correlation coefficients (ICC) values for the two methods
of measurements; ITK-SNAP 3.8.0/ 3D Slicer 4.1.1 and InVivo Dental 6.0.
95 % Confidence
Interval

Method

Type

ICC

F

Single Fixed rater

ICC3

0.92

23.863

Lower
Bound

Upper
bound

0.885

0.944

Table 5.9. 2 Intraclass Correlation Coefficients (ICC) of various treatment groups for two
methods of measurements; ITK-SNAP 3.8.0/ 3D Slicer 4.1.1and Invio 6.0 at two time
points.
95 % Confidence Interval
Treatment Modality

Non-Extraction

Extraction

Time
point

ICC

Lower
bound

Upper
bound

T0

0.969

0929

0.984

T1

0.768

0.557

0.886

T0

0.974

0.945

0.988

T1

0.975

0.947

0.989
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Figure 5.9. 1 Correlation between ITK-SNAP 3.8.0/ 3D Slicer 4.1.1 and InVivo 6.0
software methods.
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Table 5.10. 1 Inter-rater reliability among three examiners for the oropharyngeal airway
(OP) volume, Minimum cross-sectional area (MCA) at superior OP, Anteroposterior
(AP) at Minimum cross-sectional area (MCA) at superior OP, Mediolateral (RL) at Mean
cross-sectional area (MCA) at superior OP, Minimum cross-sectional area (MCA) in the
inferior OP, and Anteroposterior (AP) and Mediolateral (RL) at Minimum cross-sectional
area at inferior OP.

Group ID

ICC

F

OP volume

0.995

MCA at
superior OP

95 % Confidence
Interval
Lower
bound

Upper
Bound

182.970

0.986

0.998

0.994

162.367

0.984

0.998

AP at MCA at
superior OP

0.924

13.077

0.802

0.976

RL at MCA at
inferior OP

0.993

145.448

0.982

0.998

MCA at
inferior OP

0.999

1197.883

0.998

1.000

AP at MCA at
inferior OP

0.993

14.824

0.825

0.979

RL at MCA at
inferior OP

0.975

39.301

0.934

0.992
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Figure 5.11. 1 Color map and superimposition images of a patient whose upper airway
showed inward movement at the superior anterior oropharyngeal airway by more than 1
mm and outward movement at the posterior aspect for more than 1 mm. Green indicates
> 1 mm outward movement, Red indicates > 1 mm inward movement. Purple and yellow
indicate post-treatment, and pre-treatment, respectively.

Figure 5.11. 2 Color map and superimposition images of a patient whose upper airway
showed inward movement at the superior anterior oropharyngeal airway more than 1 mm
and outward movement at the inferior anterior aspect for more than 1 mm. Green
indicates > 1 mm outward movement, Red indicates > 1 mm inward movement. Purple
and yellow indicate post-treatment, and pre-treatment, respectively.
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Figure 5.11. 3 Color map and superimposition images of a patient whose upper airway
showed inward movement at the superior anterior oropharyngeal airway by more than 1
mm and outward movement at the inferior anterior aspect by more than 1 mm. Green
indicates > 1 mm outward movement, Red indicates > 1 mm inward movement. Purple
and yellow indicate post-treatment, and pre-treatment, respectively.

Figure 5.11. 4 Color map and superimposition images of a patient whose upper airway
showed inward movement at the superior anterior oropharyngeal airway by more than 1
mm and outward movement at the inferior anterior aspect by more than 1 mm. Green
indicates > 1 mm outward movement, Red indicates > 1 mm inward movement. Purple
and yellow indicate post-treatment, and pre-treatment, respectively.
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Figure 5.11. 5 Color map and superimposition images of a patient whose upper airway
showed inward movement at the superior anterior oropharyngeal airway by more than 1
mm and outward movement at the inferior anterior aspect by more than 1 mm. Green
indicates > 1 mm outward movement, Red indicates > 1 mm inward movement. Purple
and yellow indicate post-treatment, and pre-treatment, respectively.

Figure 5.11. 6 Color map and superimposition images of a patient whose upper airway
showed inward movement at the superior anterior oropharyngeal airway by more than 1
mm and outward movement at the inferior anterior aspect by more than 1 mm. Green
indicates > 1 mm outward movement, Red indicates > 1 mm inward movement. Purple
and yellow indicate post-treatment, and pre-treatment, respectively.
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Figure 5.11. 7 Color map and superimposition images of a patient whose upper airway
showed posterior translocation for more than 1 mm. Color map manifests inward
movement in the anterior aspect and outward movement on the posterior aspect. Green
indicates > 1 mm outward movement, Red indicates > 1 mm inward movement. Purple
and yellow indicate post-treatment, and pre-treatment, respectively.

Figure 5.11. 8 Color map and superimposition images of a patient whose upper airway
showed posterior translocation for more than 2 mm. Color map manifests inward
movement in the anterior aspect and outward movement on the posterior aspect. Green
indicates > 2 mm outward movement, Red indicates > 2 mm inward movement. Purple
and yellow indicate post-treatment, and pre-treatment, respectively.

98

Figure 5.11. 9 Color map and superimposition images of a patient whose upper airway
showed posterior translocation for more than 2 mm. Color map manifests inward in the
anterior aspect and outward movement on the posterior aspect. Green indicates > 2 mm
outward movement, Red indicates > 2 mm inward movement. Purple and yellow indicate
post-treatment, and pre-treatment, respectively.

Figure 5.11. 10 Color map and superimposition images of a patient whose upper airway
showed posterior translocation for more than 1 mm. Color map manifests inward
movement in the anterior aspect and outward movement on the posterior aspect. Green
indicates > 1 mm outward movement, Red indicates > 1 mm inward movement. Purple
and yellow indicate post-treatment, and pre-treatment, respectively.
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Figure 5.11. 11 Color map and superimposition images of a patient whose upper airway
showed anterior outward movement by more than 1 mm. Color map manifests inward
movement in the posterior aspect and outward movement in the anterior aspect. Green
indicates > 1 mm outward movement, Red indicates > 1 mm inward movement. Purple
and yellow indicate post-treatment, and pre-treatment, respectively.

Figure 5.11. 12 Color map and superimposition images of a patient whose upper airway
showed anterior outward movement by more than 1 mm. Color map manifests inward
movement in the posterior aspect and outward movement on the anterior aspect. Green
indicates > 1 mm outward movement, Red indicates > 1 mm inward movement. Purple
and yellow indicate post-treatment, and pre-treatment, respectively.
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Figure 5.11. 13 Color map and superimposition images of a patient whose upper airway
showed anterior outward movement by more than 1 mm. Color map manifests inward
movement in the posterior aspect and outward movement on the anterior aspect. Green
indicates > 1 mm outward movement, Red indicates > 1 mm inward movement. Purple
and yellow indicate post-treatment, and pre-treatment, respectively.

Figure 5.11. 14 Color map and superimposition images of a patient whose upper airway
showed anterior outward movement by more than 1 mm. Color map manifests inward
movement in the posterior aspect and outward movement in the anterior aspect. Green
indicates > 1 mm outward movement, Red indicates > 1 mm inward movement. Purple
and yellow indicate post-treatment, and pre-treatment, respectively.
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Figure 5.11. 15 Color map and superimposition images of a patient whose upper airway
showed anterior outward movement by more than 1 mm. Color map manifests reduction
in the posterior aspect and outward movement on the anterior aspect. Green indicates > 1
mm outward movement, Red indicates > 1 mm inward movement. Purple and yellow
indicate post-treatment, and pre-treatment, respectively.

Figure 5.11. 16 Color map and superimposition images of a patient whose upper airway
showed anterior outward movement more than 1 mm. Color map manifests reduction in
the posterior aspect and outward movement on the anterior aspect. Green indicates > 1
mm outward movement, Red indicates > 1 mm inward movement. Purple and yellow
indicate post-treatment, and pre-treatment, respectively.
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Figure 5.11. 17 Color map and superimposition images of a patient whose upper airway
showed anterior outward movement by more than 1 mm. Color map manifests inward
movement in the posterior aspect and outward movement in the anterior aspect. Green
indicates > 1 mm outward movement, Red indicates > 1 mm inward movement. Purple
and yellow indicate post-treatment, and pre-treatment, respectively.

Figure 5.11. 18 Color map and superimposition images of a patient whose upper airway
showed anterior outward movement by more than 1 mm. Color map manifests inward
movement in the posterior aspect and outward movement in the anterior aspect. Green
indicates > 1 mm outward movement, Red indicates > 1 mm inward movement. Purple
and yellow indicate post-treatment, and pre-treatment, respectively.
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Figure 5.11. 19 Color map and superimposition images of a patient whose upper airway
showed inward in all aspects by more than 2 mm. Green indicates >2 mm outward
movement, Red indicates > 2 mm inward movement. Purple and yellow indicate posttreatment, and pre-treatment, respectively.

Figure 5.11. 20 Color map and superimposition images of a patient whose upper airway
showed reductions in all aspects by more than 1 mm. Green indicates > 1 mm outward
movement, Red indicates > 1 mm inward movement. Purple and yellow indicate posttreatment, and pre-treatment, respectively.
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Figure 5.11. 21 Color map and superimposition images of a patient whose upper airway
showed outward movement in all aspects by more than 1 mm. Green indicates >1 mm
outward movement, Red indicates > 1 mm inward movement. Purple and yellow indicate
post-treatment, and pre-treatment, respectively.

Figure 5.11. 22 Color map and superimposition images of a patient whose upper airway
showed outward movement in all aspects by more than 1 mm. Green indicates >1 mm
outward movement, Red indicates > 1 mm inward movement. Purple and yellow indicate
post-treatment, and pre-treatment, respectively.
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Figure 5.11. 23 Color map and superimposition images of a patient whose upper airway
showed outward movement in all aspects by more than 1 mm except small area at
superior- anterior surface. Green indicates >1 mm outward movement, Red indicates > 1
mm inward movement. Purple and yellow indicate post-treatment, and pre-treatment,
respectively.

Figure 5.11. 24 Color map and superimposition images of a patient whose upper airway
showed outward movement in the superior-anterior aspect by more than 1 mm, and
inward movement in the inferior-anterior surface by more than 1 mm. Green indicates >1
mm outward movement, Red indicates > 1 mm inward movement. Purple and yellow
indicate post-treatment, and pre-treatment, respectively.
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Figure 5.11. 25 Color map and superimposition images of a patient whose upper airway
showed outward movement in the superior-anterior aspect by more than 1 mm, and
inward movement in the inferior-anterior surface by more than 1 mm. Green indicates >1
mm outward movement, Red indicates > 1 mm inward movement. Purple and yellow
indicate post-treatment, and pre-treatment, respectively.

Figure 5.11. 26 Color map and superimposition images of a patient whose upper airway
showed outward movement in the superior-anterior aspect by more than 1 mm, and
inward movement in the inferior-anterior surface by more than 1 mm. Green indicates >1
mm outward movement, Red indicates > 1 mm inward movement. Purple and yellow
indicate post-treatment, and pre-treatment, respectively.
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Figure 5.11. 27 Color map and superimposition images of a patient whose upper airway
showed outward movement in the superior-anterior aspect by more than 1 mm, and
inward movement in the inferior-anterior surface by more than 1 mm. Green indicates >1
mm outward movement, Red indicates > 1 mm inward movement. Purple and yellow
indicate post-treatment, and pre-treatment, respectively.

Figure 5.11. 28 Color map and superimposition images of a patient whose upper airway
showed outward movement in the superior-anterior aspect by more than 1 mm, and
inward movement in the inferior-anterior surface by more than 1 mm. Green indicates >1
mm outward movement, Red indicates > 1 mm inward movement. Purple and yellow
indicate post-treatment, and pre-treatment, respectively.
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Figure 5.11. 29 Color map and superimposition images of a patient whose upper airway
remained stationary with minimal outward and inward movements. Green indicates >1
mm outward movement, Red indicates > 1 mm inward movement. Purple and yellow
indicate post-treatment, and pre-treatment, respectively.

Figure 5.11. 30 Color map and superimposition images of a patient whose upper airway
remained stationary with minimal outward and inward movements. Green indicates >1
mm outward movement, Red indicates > 1 mm inward movement. Purple and yellow
indicate post-treatment, and pre-treatment, respectively.
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Figure 5.11. 31 Color map and superimposition images of a patient whose upper airway
remained stationary with minimal outward and inward movements. Green indicates >1
mm outward movement, Red indicates > 1 mm inward movement. Purple and yellow
indicate post-treatment, and pre-treatment, respectively.

Figure 5.11. 32 Color map and superimposition images of a patient whose upper airway
remained stationary with minimal outward and inward movements. Green indicates >1
mm outward movement, Red indicates > 1 mm inward movement. Purple and yellow
indicate post-treatment, and pre-treatment, respectively.
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Figure 5.11. 33 Color map and superimposition images of a patient whose upper airway
showed inward movement in all aspects for more than 1 mm. Green indicates >1 mm
outward movement, Red indicates > 1 mm inward movement. Purple and yellow indicate
post-treatment, and pre-treatment, respectively.

Figure 5.11. 34 Color map and superimposition images of a patient whose upper airway
showed inward movement in superior and middle anterior surfaces by more than 1 mm
and moved outward in the inferior anterior aspect by more than 1mm. Green indicates >1
mm outward movement, Red indicates > 1 mm inward movement. Purple and yellow
indicate post-treatment, and pre-treatment, respectively.
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Figure 5.11. 35 Color map and superimposition images of a patient whose upper airway
showed inward movement in the anterior surface by more than 1mm and moved outward
in the inferior posterior aspect by more than 1mm. Green indicates >1 mm outward
movement, Red indicates > 1 mm inward movement. Purple and yellow indicate posttreatment, and pre-treatment, respectively.

Figure 5.11. 36 Color map and superimposition images of a patient whose upper airway
showed inward movement in all directions by more than 1mm. Green indicates >1 mm
outward movement, Red indicates > 1 mm inward movement. Purple and yellow indicate
post-treatment, and pre-treatment, respectively.
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Figure 5.11. 37 Color map and superimposition images of a patient whose upper airway
showed inward movement in the superior anterior surface by more than 1mm and
outward movement in the middle and inferior aspects of anterior surface by more than
1mm. Green indicates >1 mm outward movement, Red indicates > 1 mm inward
movement. Purple and yellow indicate post-treatment, and pre-treatment, respectively.

Figure 5.11. 38 Color map and superimposition images of a patient whose upper airway
showed inward movement in the superior and middle anterior surface by more than 1mm
and outward movement in the inferior aspect of anterior surface by more than 1mm.
Green indicates >1 mm outward movement, Red indicates > 1 mm inward movement.
Purple and yellow indicate post-treatment, and pre-treatment, respectively.

113

Figure 5.11. 39 Color map and superimposition images of a patient whose upper airway
showed posterior translocation with inward movement at the anterior surface by more
than 1mm. Green indicates >1 mm outward movement, Red indicates > 1 mm inward
movement. Purple and yellow indicate post-treatment, and pre-treatment, respectively.

Figure 5.11. 40 Color map and superimposition images of a patient whose upper airway
showed posterior translocation with inward movement at the anterior surface by more
than 1mm. Green indicates >1 mm outward movement, Red indicates > 1 mm inward
movement. Purple and yellow indicate post-treatment, and pre-treatment, respectively.
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CHAPTER 6. DISCUSSION
This study was a retrospective medical record review of 40 non-growing patients who
received orthodontic treatment matched for age and sex, in which half received orthodontic
treatment with either two or four premolar extractions, and half did not have any dental
extractions. Nine features of the oropharyngeal airway, including the airway volume, minimum
cross-sectional area, anteroposterior, and mediolateral linear dimensions, were assessed in the
superior and inferior regions. CBCT images obtained at the beginning of the treatment and after
the treatment were analyzed. Additionally, pre-and post-treatment CBCT images were
superimposed on each other using reproducible landmarks to assess morphological changes in the
airway.
6.1 Volumetric measurement
Results from this study indicate that orthodontic treatment with extraction did not
negatively impact the oropharyngeal airway volume. Volumes of the total oropharyngeal airway,
superior oropharyngeal airway, and inferior oropharyngeal airway were decreased in the
extraction group and increased slightly in the non-extraction group (Figures 5.2.2; 5.3.2; 5.6.2).
However, their changes were not statistically significant. Findings from this study are in
agreement with previous studies that demonstrated tooth extraction as a part of orthodontic
treatment does not reduce upper airway volumetric dimensions (Al Maaitah et al. 2012; Joy et al.
2019; Park et al. 2018; Pliska et al. 2016; Zhang et al. 2015). Stefenovic et al. and Valiathan et al.
demonstrated that upper airway volume increased in both extraction and non-extraction
groups(Stefanovic et al. 2013; Valiathan et al. 2010). These findings are probably due to the
growing patient population that were used in two studies. However, our study population
included older patients with minimal growth changes. Therefore, the airway enlargement was not
statistically significant in our sample. Gemec-Cakan et al. (2011) reported that superior and
middle oropharynx space (a linear anteroposterior measurement) was decreased in the maximum

115
anchorage group while enlarged in the non-extraction and extraction group with minimum
anchorage (Germec-Cakan et al. 2011). In the present study, although the mean volumetric
measurement was decreased more in the maximum anchorage group compared to the minimum
anchorage group and non-extraction group, the difference was not statistically significant. The
difference could be due to using a 3-dimensional imaging technique in our study compared to
using lateral cephalogram to quantify the upper airway volume. In contrast to our findings, Chen
et al. (2018) reported a decrease in the upper airway volume after orthodontic treatment with
maximum retraction of upper and lower incisors (Chen et al. 2018). Since this article was
published in Chinese, we could not retrieve the methods and material to understand their detailed
methodology better.
6.2 Minimum cross-sectional measurements.
The oropharynx is an irregular lumen showing constriction and dilatation at various
levels. During the evaluation of the upper airway, areas with the most constriction might serve as
indicators of collapsibility (Chen et al. 2012). In the present study, the minimum cross-sectional
area in the superior and inferior oropharyngeal airway did not significantly reduce after teeth
extraction after orthodontic treatment. Although in the maximum anchorage group, this reduction
was more pronounced compared to the other two groups, the difference was not statistically
significant. Our findings are in agreement with the data from other studies (Joy et al. 2019; Orabi
et al. 2021; Park et al. 2018; Pliska et al. 2016; Zhang et al. 2015). Results from three other
studies (Chen et al. 2018; Chen et al. 2012; Germec-Cakan et al. 2011) demonstrated that in
patients who received extraction with maximum anchorage due to bimaxillary dentoalveolar
protrusion, the minimum cross-sectional areas were narrowed to a significant level. In our study,
a small number of subjects had extraction treatment due to dental protrusion (n=5). In this group,
the minimum cross-sectional area reduction was higher than in other groups. Smaller study
sample in our group might explain the lack of agreement with the previously published data. Two
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studies (Joy et al. 2019; Pliska et al. 2016) described a phenomenon called regression to mean.
Based on their data, airways with minimum cross-sectional areas smaller than 100 mm2 tend to
grow in size; and larger airways tend to reduce in both treatment modalities (Joy et al. 2019).
However, the subjects in our study did not show high variations in their oropharyngeal MCA.
Therefore, changes in the upper airway were consistent in both groups, showing a slight reduction
in the extraction group and a slight increase in the non-extraction group.
6.3 Linear measurements at the Minimum cross-sectional area (MCA)
Results from our study indicate that anteroposterior and mediolateral measurements at the
minimum cross-sectional area in the superior and inferior oropharyngeal airway did not change
significantly in any of the treatment modalities (Figures 5.5.3; 5.5.4; 5.8.3; 5.8.4). Our findings
are in agreement with the results from (Joy et al. 2019). Two earlier studies (Chen et al. 2012;
Wang et al. 2012) used lateral cephalograms and linear measurements to assess the oropharyngeal
airway changes in patients who received orthodontic treatment with extraction of teeth and high
anchorage protocol. Data from these studies indicated that anteroposterior measurements were
decreased in this patient population. These measurements were performed at specific anatomic
locations that did not correspond to the minimum cross-sectional areas. The difference in their
findings and our study might be explained by the fact that our measurements were done at the
minimum cross-sectional area, which did not show significant change after the treatment.
6.4 Validity of two measurement techniques
In this study, measurement of the oropharyngeal airway dimensions was performed using
two different methods. For the quantitative analysis, measurements of the oropharyngeal airway
were performed using the airway module of InVivo Dental 6.0 (Anatomague, San Jose CA). This
technique incorporates a variable threshold method with a semi-automatic algorithm. For the
purpose of superimposition, a combination of 3D Slicer 4.1.1 (www.Slicer.org) and ITK-SNAP
3.8.0 (http://www.itksnap.org) was used to register, segment, and superimpose the oropharyngeal
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airway before and after the treatment. Upper airway segmentation was completed using the snake
feature of ITK-SNAP 3.8.0. This feature implements a fully variable threshold technique with the
semi-automatic algorithm. Mean oropharyngeal airway volume showed excellent reliability
between the two techniques. For the superimposition to be accurate, we used a rigorous method to
align the head positions from the pre-and-post images; and register them on stable landmarks.
Therefore, the head positions were aligned precisely in the same 3-dimensional coordinate
system. Our findings confirmed the premise proposed by Ruellas et al. (2016) that 3-dimensional
measurements were not affected by the head orientation in the three dimensional coordinate
systems. The amounts of directional change in each plane of 3D space were strongly influenced
by head orientation. Weissheimer et al. studied the reliability and accuracy of various software in
the volumetric measurements of the upper airway (Weissheimer et al. 2012). The results indicated
that “Mimics, Dolphin3D, ITK-SNAP 3.8.0, and OsiriX were similar and more accurate than
InVivo Dental and Ondemand3D for upper airway assessment." Our results demonstrated that
ITK-SNAP 3.8.0/3D Slicer 4.1.1 and InVivo Dental 6.0 are reliable. Since we did not know the
actual airway volume for each patient, we could not confirm the accuracy of the measurements
with both of these techniques. El et al. (2010) analyzed the accuracy and reliability of Dolphin3D
(version 11, Dolphin Imaging & Management Solutions, Chatsworth, Calif), InVivo Dental
(version 4.0.70, Anatomage, San Jose, Calif), and OnDemand3D (version 1.0.1.8407, CyberMed,
Seoul, Korea) and compared them with a previously tested manual segmentation program called
OrthoSegment (OS) (developed at the Department of Orthodontics at Case Western Reserve
University, Cleveland, Ohio). The results from the study suggested that all three programs were
highly correlated with the gold standard software, although some systematic errors were evident.
Our results confirmed a high correlation between the two techniques suggesting that the airway
feature of InVivo Dental 6.0 is a reliable tool for measurements of the airway dimensions.
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6.5 Morphological evaluation of oropharyngeal airway changes using superimposition
technique
This is the first study that documented the morphological changes in the oropharyngeal
airway after orthodontic treatment with tooth extraction using a superimposition technique. We
implemented a rigorous methodology to orient the head positions of the CBCT images on a fixed
3D coordinate system. After segmentation of the anterior cranial base, post-treatment images
were registered on the pre-treatment images using manual approximation and voxel registration
method using CMF module of 3D Slicer 4.1.1. The reliability and accuracy of this technique have
been approved in previous studies (Ponce-Garcia et al. 2020; Ruellas et al. 2016). Evidence
indicates that voxel-based registration produces good reliability in 3D superimpositions (PonceGarcia et al. 2020). Our results did not demonstrate a uniform trend in the morphological changes
that happen during orthodontic treatment with or without tooth extraction. In the maximum
anchorage group, 80% (n=4/5) showed a backward movement of the upper airway by more than 1
mm of reduction in the anterior surface of the superior oropharyngeal airway (Figures 5.11.6;
5.11,7; 5.11.8; 5.11.19). Interestingly, in 40% (n=8) of the extraction group, the upper airway had
either enlarged by more than 1 mm anteriorly or was transpositioned forward (Figures 5.11.115.11.18). Comparing the patients who received orthodontic treatment with dental extraction and
non-extraction shows that in the extraction group 60% of the patients had either inward
movement in the anterior aspect of the upper airway or posterior translocation of the
oropharyngeal airway. However, in the non-extraction group 60 % of the samples demonstrated
indication of either superior anterior surface outward movement by more than 1 mm. remaining
stationary without significant outward or inward movements. Therefore, it seems that there is a
pattern of inward movement in the superior anterior aspect of the upper airway in the dental
extraction group and outward or stationary trend in the non-extraction group. Previous studies
showed that extraction treatment with maximum anchorage might alter the airway morphology
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with compression of the airway in the anteroposterior direction (Germec-Cakan et al. 2011;
Zhang et al. 2015). Reduction in the arch length and tongue space, distal movement of the tongue,
and posterior and inferior positioning of the hyoid bone in response to arch length reduction were
proposed as possible mechanisms (Germec-Cakan et al. 2011; Hu et al. 2015; Orabi et al. 2021;
Zhang et al. 2015). These studies implemented linear measurements and ratios of AP and RL
dimensions to define the changes in the morphology. We utilized color map pictures to depict the
direction and magnitude of airway changes. Color maps are graphical overlays that illustrate the
location and magnitude of changes in three-dimensional images at two time points. The 3D Slicer
4.1.1 software allows this assessment via calculation of Euclidean distances between the surfaces
of the 3-D models (Cevidanes et al. 2009). This technique enables the practitioners to assess the
morphological changes that happened in the upper airway graphically. Additionally, the
superimposition of the pre-and-post images gives clear indications of areas where the changes
have occurred during the treatment.
6.6 Cone-Beam computed Tomography (CBCT)
We utilized pre-and post-treatment CBCT images of patients who received orthodontic
treatment with and without dental extractions to assess the oropharyngeal airway. CBCT imaging
has been proposed as a reliable 3D imaging tool for accurate evaluation and visualization of
airway volume and cross-sectional area (Orabi et al. 2021). Although some studies showed a
strong correlation between the pharyngeal airway on the lateral cephalograms and its actual
volumetric size on CBCT, other studies contradict this finding (Abé-Nickler et al. 2017; Orabi et
al. 2021). Recent studies suggested that CBCT imaging is superior to 2D lateral cephalograms
when evaluating upper airway volume, anteroposterior, and minimum cross-sectional area (Bhatia
et al. 2016; Orabi et al. 2021). While CBCT is considered as a superior tool for assessing the
pharyngeal airway, limitations like cost, absence of a standard protocol for airway imaging, and
the inherent nature of being a static image of a dynamic structure make its implementation as a
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standard screening tool controversial (Orabi et al. 2021). However, in a study comparing the
accuracy of CBCT imaging with other dynamic measurement tools, the authors concluded that,
overall, CBCT showed high accuracy in measuring the pharyngeal minimal cross-sectional area,
anterior nasal volume, and nasal cross-sectional area compared to rhinometry and pharyngometry
techniques (Tsolakis et al. 2016).
6.7 Limitations of the study
6.7.1 Radiographic limitation
Perhaps the first limitation of the study that should be noted relates to CBCT imaging. It
is well documented that CBCT is a reliable tool for research and orthodontic treatment (Kapila et
al. 2011). However, there are limitations in implementing this technique. Although CBCT has
been validated in measuring the volumetric and linear dimensions of the pharyngeal airway, its
inherent static nature poses some limitations when measuring a dynamic structure like the upper
airway (Orabi et al. 2021). Moreover, all the CBCT images are captured while the patients are in
a sitting position. The results from the CBCT measurement technique have limitations when
applying to obstructive sleep apnea (OSA) assessment since this phenomenon happens while
patients are in a supine position.
Another radiographic limitation is the image quality. In our study, we had to exclude one
of the patients in the extraction group due to artifacts, distortions, and image quality issues. That
patient was removed from the study and not replaced due to sampling constraints.
The other issue with CBCT imaging in our study was consistently capturing the region of interest
in all images. We define the inferior boundary of the oropharyngeal airway as a plane passing
through the most anterior inferior point on C3. This landmark was selected according to the
availability of the most inferior airway point on all CBCT images.
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6.7.2 Software limitation
In the present study, we oriented the head positions of pre-and post- CBCT images on a
fixed reproducible coordinate system using 3D Slicer 4.1.1 registration feature. These images
were used to superimpose oropharyngeal airways and were saved in NIfTI format. However,
InVivo Dental 6.0 accepts files with DICOM or INVIVO extension only. To orient head positions
in InVivo Dental 6.0, the orientation module of the software was used. This module enables the
practitioner to re-align the images according to the defined planes. However, the images are not
mounted in the same global coordinate system. Comparing the volumetric measurement of the
oropharyngeal airway using 3D Slicer 4.1.1/ITK-SNAP 3.8.0 vs. InVivo Dental 6.0 showed that
the two techniques are highly reliable.
6.7.3 Sample limitations
The patients in the present study were collected from an area that was predominant with
Caucasian, Hispanic, and Asian patients, respectively. These demographics may not be
representative of the ratio that are of interest to all readers. Representation of the current sample
to the population always raises questions. Inevitable sample limitations existed in this study.
First, patients' body mass index (BMI) was not recorded initially or during the treatment. Changes
in the patients' weight might alter the upper airway volumetric and cross-sectional dimensions. A
lack of consistent detail in the medical and treatment notes hinders the ability of the researchers to
exclude other confounding factors that might predispose patients to the reduction of
oropharyngeal airway volume. In the present study, we did not perform power analysis due to
limitation in the number of the patients who met the inclusion and exclusion criteria. Therefore, a
larger sample size might achieve statistically significant difference between the extraction and
non-extraction groups.
Various measures were taken to minimize these sampling errors. We tried to minimize
the amount of variability in patient selection by determining a specific set of inclusion and
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exclusion criteria. Additionally, our extraction and non-extraction samples were matched based
on age, sex, and treatment duration. To limit the sampling bias, changes in the volumetric, crosssectional, and linear measurements were compared within the subjects and among the various
treatment modalities.
6.7.4 Study type limitation
Proper randomization is impossible in a retrospective study. We attempted to minimize
the potential bias during data collection by pooling patients consecutively. Another issue with
retrospective studies is the verification of patients` positioning during image capturing. Although
all patients were instructed not to swallow during the image capturing, errors might happen.
6.8 Conclusion
Findings from this study suggest that there is no evidence to indicate that orthodontic
treatment with teeth extraction would reduce the dimensions of the oropharyngeal airway.
Although oropharyngeal airway volume and minimum cross-sectional area were decreased
consistently in the extraction group, the difference was not statistically significant.
Morphologically, there is some evidence to indicate that orthodontic treatment with extraction of
teeth using maximum anchorage protocol (in bimaxillary protrusion patients) may result in
movement of the airway backward and narrow the superior oropharyngeal airway. Due to the
limited number of patients who received this treatment protocol in the present study, this
conclusion should be taken cautiously.
Moreover, the results from this study suggest that InVivo Dental 6.0 (Anatomague, San
Jose, Ca) is a reliable tool to measure the oropharyngeal airway volumetric and linear dimensions.
6.9 Future studies
Future studies are warranted to overcome the shortcomings of this and previous studies.
First, prospective studies with strict inclusion and exclusion criteria are recommended to limit
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confounding factors. One of the significant risk factors that affect upper airway dimensions is
body mass index (BMI) at the baseline and weight gain over time. Studies with a larger sample
size with more patients receiving orthodontic treatment with teeth extractions and maximum
anchorage protocol are recommended to address any bias that might be introduced to the study
due to the small sample size. Eventually, prospective studies with polysomnographic (PSG)
records of the patient at pre-and post-treatment time points are recommended to elucidate the
effect of orthodontic treatment on the emergence of obstructive sleep apnea.
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